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ABSTRACT 
Tooling design is crucial for the production of cost-effective and durable 
composite products. As part of the current search for cost reduction (by 
reducing capital investment, energy use and cycle time), integrally-heated 
tooling is one of the technologies available for ‘out-of-autoclave’ processing of 
advanced thermoset polymer composites. Despite their advantages, integrally-
heated tools can suffer from uneven distribution of temperature, variability in 
heat flow rate and inconsistency in heating/cooling time. This research, 
therefore, investigates a number of design variables such as shape and layout 
of heating channels in order to improve the heating performance of an 
integrally-heated tool. Design of Experiments (DoE) has been carried out using 
Taguchi’s Orthogonal Array (OA) method to set several combinations of design 
parameters. Each of these design combinations has been evaluated through 
numerical simulation to investigate heating time and mould surface temperature 
variation. The simulation results suggest that the layout of the channels and 
their separation play a vital role in the heating performance. Signal-to-Noise 
(S/N) ratio and analysis of variance (ANOVA) have been applied to the results 
obtained to identify the optimal design combination of the integrally-heated tool. 
Statistical analysis reveals that the heating performance of an integrally-heated 
tool can be significantly improved when the channels’ layout is parallel. The 
  
 
shape of the channels has negligible effect and the distance between the 
channels should be determined based on the production requirement.  
According to the predicted optimal design, a developed integrally water-heated 
tool is manufactured. The actual thermal properties of the constituent materials 
of the produced tool are also measured. Then a numerical model of the 
experimental tool model is simulated in ANSYS software, with setting the actual 
material properties and boundary condition to define the temperature uniformity 
and heating rate of the experimental tool. Comparison of the experimental and 
numerical results of the experimental tool confirmed the well assigning of the 
boundary conditions and material properties during simulation the heated tool. 
The experimental results also confirmed the predicted optimal design of the 
integrally heated tool. Finally, in order to define its thermomechanical behaviour 
under the effective (in service) thermal loads, a tool model is simulated. 
Numerical results presented that the produced extremes of thermal 
deformation, elastic strain, normal and plane shear stresses, under the effective 
thermal loading, are within the allowable elastic limits of the participated 
materials. 
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1.1 Introduction 
Composite materials are currently of interest due to their attractive 
characteristics. Polymer matrix composite (PMC) reinforced by carbon and 
glass is the most widely used composite category, because CFRP compared to 
aerospace aluminium and steel alloys can provide lower density and expansivity 
as well higher specific modulus (modulus/density), higher specific strength 
(strength/density) and chemical inertness, e.g. the specific strength of CFRP 
and aluminium (Al) are 1.62 MPa.m3/kg and 0.03 MPa.m3/kg, respectively. 
Therefore carbon fibre reinforced polymer (CFRP) composites currently have 
become preferred materials in aerospace, automotive, defence, marine, 
sporting goods and infrastructure industries (Thomas, 2013 ). CFRP structures 
are often manufactured from prepreg (the pre-impregnated carbon fibre with 
suitable resin) and finds wide ranging applications due to its superiority in 
achieving the aforementioned properties in addition to high damage tolerance, 
high durability to the environment (e.g. temperature variance, humidity, vibration 
and fatigue), very low expansivity (low CTE), low void content and ease of 
repair, compared to the metals. Additionally prepregs facilitate the 
manufacturing of complex shapes with low cost and also they have potential for 
automation that reduces processing time and cost (SP Systems, 2001).  
Although the thermoset epoxy resin used in most CFRP composites can 
provide well-bonded (three dimensional cross-linked) structures with excellent 
strength and hardness after curing, it has the problems of complexity and high 
cost processing (curing) in autoclaves, which restrict its application. Therefore 
researchers and manufacturers nowadays have been attempting to find 
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alternative methods to overcome these problems and produce composites 
without autoclave with the same quality (Gardiner, 2011; Payette et al., 2015). 
Producing a successful composite component with the desired shape and 
characteristics depends on proper curing process in an appropriate mould. The 
curing process of advanced composites (prepregs) requires pressure and 
elevated temperature for a predetermined length of time (curing cycle time). 
Heating occurs according to a specified isotherm (ramp and dwells) and curing 
involves internal heat generation (exothermic heat) due to a complex reaction 
between the resin and hardener (Almeida, Neto & Nogueira, 1994; Hagstrand, 
2005). The elevated temperature of curing initially reduces the resin viscosity 
that facilitates its flow before it gels and then initiates and maintains the 
chemical reaction in the resin that changes the molecular structure, while the 
applied pressure consolidates individual plies, compresses voids and squeezes 
the excess resin out of the composite material. Therefore uneven heating of the 
laminate during processing, as mentioned by Yan (2007), causes uneven cure, 
residual stress across the laminate and finally producing components with 
degraded quality. Consequently improvement of the heating performance of the 
composite tooling will be an effective factor in improving the quality and 
productivity (production time) of the composite components.  
 Although the autoclave produces components from prepreg with high quality, it 
cannot achieve the main requirements of production which are; low cost and 
high quantity and also producing large components (Johnston, 1997; 
Monaghan, Brogan & Oosthuizen, 1991). Many different alternative methods, 
techniques and materials have been created and developed as alternatives to 
autoclave to overcome its disadvantages in processing advanced composites. 
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Lots of the manufacturers are keenly pursuing out of the autoclave (OoA) 
processes that enable producing advanced composite components with the 
same quality as autoclaves. The tried and examined alternatives with their 
advantages and drawbacks are illustrated in Table 1-1 
Table 1-1 Advantages and drawbacks of the OoA techniques  
OoA 
technologies Advantages Drawback 
OoA prepreg1  Provides more flexibility in 
manufacturing. 
 Saving significant energy 
 Less requirement of expensive tooling 
 Expensive raw material 
SQRTM2  Produces true net shape and highly 
unitized components with tight 
tolerance 
 High level of integration 
 High surface finish 
 High tool cost 
 Injecting extra liquid 
resin is cost effective 
Quickstep3  Provides faster cure 
 Produces high quality components 
 Size limitation 
DVB4  Enables cure of prepreg under VB  Sealing difficulties 
Integrally 
heated  
tools5 
 
 Heating the composite parts more   
directly, during curing. 
 Enables fabricating large and complex 
shape components. 
 Consumes lower amounts of heat 
(energy), time and capital 
 
 Low component quality 
compared to autoclave  
1: (Gardiner, 2011), 2: (Black, 2011),  3: (Griffiths & Noble, 2004),  4: (Sherwin, 1999), 5: (Baril-Gosselin, 
2013; Grove et al., 2005).  
 
Attempts are continuing to improve or add more alternatives for the 
manufacturing of advanced composite products. Some researchers have been 
focused on developing integrally heated tools in which the heating element and 
the tool are combined in-mould or on-mould (Marsh, 2003). The direct contact 
between the tool and heating unit increases heating rate, decreases heating 
time and saves energy compared to the traditional methods (Arney et al., 2004; 
Raizenne, Hind & Poupore, 2006; Walczyk & Kuppers, 2012). The importance 
of integrally heated tooling is that the required heat, to process the curing 
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assembly, transfers directly from the heating source to the component through 
the mould and across its surface by conduction, making the heating process 
faster with lower energy loss compared to the traditional methods of ovens and 
autoclaves, in which the heat transfers by convection from the environment. 
Another benefit of the integrally heated tool is that the component is heated 
from one side, which enables the exothermic heat from curing reactions to 
transfer out from the other side, which prevents temperature overshoot and 
facilitates heating at a higher rate than in an autoclave. A number of integrally 
heated tools are already available commercially and are suitable for use in 
closed mould processes such as compression moulding, resin transfer 
moulding (RTM) and its variations, for example; vacuum assisted resin transfer  
moulding (VARTM) as well as Seemann Composite Resin Infusion Moulding 
Process (SCRIMP) (Mason, 2006; Mazumdar, 2001).  
Various heating techniques are available to combine with the integrally heated 
tools (Mason, 2006). Despite some disadvantages, fluid circulation is 
considered as the most appropriate technique in the concept of integrally 
heated tools (Black, 2010b; Petrykowski & Fischer, 2012; PMC; Sloan, 2013). 
Fluid circulation is widely used in different industries because it can also be 
used for cooling as well assuming that the achieved temperature inside the cure 
assembly dose not exceeds the desired value at any point in the heating 
process. Many studies have been carried out for optimising the geometry of the 
mould and the channel as well as selecting the proper heating fluid and tool 
material (Black, 2011). Water and steam are the preferred heating fluids when 
the desired mould face temperature will be lower than 100ºC (Guilong et al., 
2010; Wang, Zhao & Guan, 2011; Wang et al., 2011a; Wang et al., 2011b). 
Latest investigations show that the water heating technique, compared to oil 
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and electrical, is superior in providing better heating performance, in the self-
heated tools, with lowest time and power consuming (Sloan, 2013).  
Most of the published investigations were conducted in the fields of plastic 
injection and the thermoforming industries, which are completely different from 
the curing process of thermosetting composites. That is because the heat, in 
the curing process, must be provided uniformly in a specified time (ramp and 
dwell) to prevent problems of temperature lag or overshoot at the centre of the 
laminate. Therefore the fluid circulation technique has potential to achieve 
better control during the cure cycle because the temperature inside the cure 
assembly will not exceed the desired value at any time of the heating process 
and overheating (temperature overshoot) is prevented (Marsh, 2003). 
Tool efficiency and performance also depend on its construction materials, 
which must be selected according to the working tool lifetime requirements, 
number of items to be produced (run length), complexity of product shape and 
possible savings in assembly costs. Metallic tools provide good durability and 
relatively high thermal conductivity, but the mismatch of thermal expansion 
between the tool and the composite part causes manufacturing defects and lack 
of accuracy in the geometries of the composite components (Lorincz, 2009; 
Morey, 2010). Despite its very low thermal expansion coefficient, which nearly 
matches that of composite, Invar (36% nickel-iron alloy) is also undesirable in 
industry due to the high weight of the tooling as well as the initial tooling 
investment and operation costs (Baril-Gosselin, 2013).  
Carbon fibre reinforced polymer (CFRP) has the issues of low thermal 
conductivity and matrix cracking under thermal loading, as mentioned by 
Campbell (2004), after repeated cycles of heating that restricts its application as 
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a tooling material, but it can be considered as the most appropriate material for 
building composite tooling because of its good structural performance, low 
coefficient of thermal expansion (3.5 x 10-6 m/m K-1 or less), low weight and 
easy configuration. Particulate composites, such as Alepoxy (aluminium 
particles and epoxy) that is frequently applied in the rapid tooling technologies, 
are used in this PhD research due to its low cost, higher thermal conductivity 
(compared to CFRP) and ability of embedding the channels in the mould.   
Integrally-heated tools, which are heated straightway without the need to heat 
the surrounding environment, possess the potential to be an alternative to 
autoclave. Therefore a water-heated tool, made of composite, is considered as 
an effort to obtain the effective design factors and optimised design that can 
improve the heating performance of the tool and define suitable material 
combination that facilitates the tool construction and provides acceptable 
strength (to resist the applied moulding pressure), thermal conductivity as well 
as tool lifecycle under the effect of thermal loads. The proposed tool will be 
suitable for moulding composites of low temperature matrixes (LTM) with cure 
temperatures ranging between 30ºC to 80ºC, e.g. the LTM10, LTM12 and 
LTM45 types that are manufactured by Cytec (2014).  
Three design factors (channel cross section, channel alignment and channel 
separation) are selected due the expectation of their significant effect on the 
tool heating performance and lack of consideration in previous studies. Then 
nine design combinations are defined using Taghuchi’s orthogonal array (OA). 
The ANSYS software, after verification its performance analytically, is applied to 
simulate the transient heat transfer in the proposed nine test cases and analyse 
the heating performance of the integrally water-heated. The statistical approach 
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of S/N ratio has been applied to allow the control of the numerical response 
variables. Based on ANOVA the effect of each design parameter on the 
response strategies (heating time per unit mass and temperature variation) are 
determined and the optimal tool design is predicted.  
An experimental is built, after some amendments in the predicted optimal tool 
design that facilitate tool manufacturing and increase the tool surface area and 
thus monitoring the tool surface temperature becomes easier and clearer. The 
heating performance of the experimental tool is analysed practically and 
experimentally to verify the numerical conclusions and confirm the predicted 
optimal tool design. Also ANSYS transient structural, after analytical verification, 
is applied to simulate a model of the experimental tool and to define the static 
thermomechanical characteristics of deformation, stresses and strain in the tool 
(under the effective thermal loads) that presents the tool durability during 
heating. The actual material properties and boundary conditions are defined 
practically and set during the simulations to achieve more reliable results. 
1.2 Motivation and Objective 
This PhD research is performed as a result of: 
 The disadvantages of the autoclave method in manufacturing advanced 
composite components, requiring alternatives to overcome its problems. 
 The demands of cost reduction, energy efficiency and production time in 
the composite manufacturing sector, which has increased and spread 
widely in the last two decades. 
 The problem of thermal expansion mismatch between metallic tools and 
composite components.  
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 The recent development of producing large composite products in one-
piece that needs larger tools and cannot be processed traditionally or 
may be very expensive as mentioned by Jiang et al. (2002).  
 Integrally-heated tools have the potential to be an alternative to autoclave 
because of supplying heat directly to the tool without need to heat the 
surrounding environment, but still require improvement to produce components 
with autoclave quality. Consequently this PhD work aims to investigate the 
heating performance of an integrally water-heated tool, made of composite, 
numerically under the effect of different factors in order to design and construct 
a successful optimal tool for processing advanced composites of LTM prepregs 
in various manufacturing sectors, which can be accomplished by fulfilling the 
following research objectives:    
 Identifying the effective design factors that influence the heating 
performance of proposed tool.  
 Determining an optimised design that can improve the heating 
performance of the integrally heated tool and maintain its strength. 
 Identifying a suitable material combination that can facilitate the tool 
construction, while providing acceptable mechanical strength, tool life 
and thermal conductivity. 
 Estimating the tool structural behaviour and durability under the effect of 
thermal loads due to temperature variation. 
Achievement of these objectives will serve to provide answers for each of the 
following guiding research questions: 
 What are the most effective design factors on the heating performance of 
the tool, which have not been considered previously? 
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 What material combination can offer suitable thermal conductivity and 
durability to the effective thermal loads? 
 What is the most appropriate methodology for investigating the heating 
performance and thermomechanical behaviour of the heated tool? 
 How can the suitability of numerical study for the heated tool be verified?   
1.3 Structure of the study 
Chapter One provides an introduction to the research topic, the study’s 
structure, and the guiding research questions. It explains the significance of the 
research, and its motivations. 
Chapter Two systematically reviews the existing literature relating to composite 
materials and their properties, manufacturing of composites and curing, tooling 
design for composites, OoA tooling technologies, Integrally heated tools and 
heating technologies, thermal cycling and its effects, heat transfer equations, 
modelling, simulation and verification. Accordingly the achieved results and 
concluded theoretical and practical relations of literature, related to the concepts 
of this PhD research, are presented and illustrated as basics of analysis, 
calculations and comparisons, performed during this PhD research. 
Chapter Three presents comparison between analytical and numerical analysis 
of a proposed simple tool model in order to verify the suitability of the ANSYS 
CFX software in simulating and well assigning of the boundary conditions and 
material properties during simulating the heat transfer throughout the proposed 
tool models. The chapter also includes comparison between the 2D and 3D 
simulation methodologies, selection the optimised time step size and proper 
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number of the meshing elements that ensures lower computation time with 
reliable results. 
Chapter Four defines the selection of the proposed design parameters and 
design combinations according to Taghuchi’s OA that provides a minimum 
number of experiments necessary to study in an economical way, numerical 
simulation of the proposed designs of the heated tool (selected tool test case 
models), the response variables of heating time per unit mass and temperature 
variance for evaluating the heating performance of each tool model as well as 
application the S/N ratio to control the response variables and reduce the 
variability about the response. Finally illustrates the application of ANOVA in 
analysing the effect of each design parameter on the heating performance of 
the heated tool and predicting the optimal design of the water heated tool.  
Chapter Five illustrates construction of the experimental tool according to the 
predicted optimal design, simulation a model of the optimal tool after 
modifications, testing the experimental tool through a test rig for verifying the 
simulation results and confirming the predicted optimal tool design. The chapter 
also explains the measurement methods of the physical and thermal properties 
(density, volume fraction, thermal diffusivity, specific heat and thermal 
conductivity)  of the tool material to set during simulation as well as a sections 
defines the calibration and error estimation of the applied apparatuses  (thermal 
camera, thermocouples and flowmeter) to obtain actual practical measure-
ments.  
Chapter Six illustrates effect of the actual thermal loads (repeated temperature), 
numerically, on the heterogeneous composite structure of the experimental tool 
that has anisotropic properties and defines the generated thermal deformations, 
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stresses and strains through the tool due to temperature variation and  
mismatch between the CTEs of the tool materials. Simple models of bimetallic 
strips and single tube are analysed analytically to compare with that simulated 
numerically by ANSYS transient structural to verify the well assigning of the 
boundary condition and material properties during simulating the experimental 
tool structure under the effective thermal loads. The chapter also introduces the 
measurement method of the CTEs and the mechanical properties of the tool 
materials as well as the boundary conditions to set during simulation.  
Finally, Chapter Seven gives a general conclusion of the study’s findings, 
leading to some recommendation for future work. 
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2.1 Composite materials 
Composites are a combination of two basic constituents, called reinforcement 
and matrix, which are differ in their physical form and chemical composition and 
are insoluble in each other. The fibre content improves the mechanical 
properties such as strength and stiffness, whereas the resin matrix holds the 
fibre together, transfers mechanical loads through the fibres to the rest of the 
structure and protects fibres from mechanical (impact, abrasion and corrosion) 
and environmental damages as well as rough handling. The main categories of 
composites according to the matrix type are shown in Figure 2-1 (Mazumdar, 
2001; Singh, Sarita & Sonal, 2014). Recently polymer is the most widely used 
matrix because it makes ideal lightweight materials with desirable mechanical 
properties that can processed easily (Harris, 2001).  
 
Figure2-1 Classification of matrices.  
 
According to the effect of heat on their properties, polymers can be classified 
into thermoplastic and thermoset. Upon the application of heat to the mixture of 
thermoset resins with hardener or catalyst, it undergoes a non-reversible 
chemical reaction to produce hard, infusible products (Bandyopadhyay & 
Odegard, 2012; Pigford, Ashraf & Miron, 1983). The cured thermosets will not 
become liquid again by heat, but their mechanical properties will change 
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significantly above certain temperature known as Glass Transition Temperature 
(𝑇𝑔) and this change is reversible on cooling back below 𝑇𝑔. The most common 
chemical families of thermoset resin in PMC construction are polyester, vinyl 
ester, phenolic and epoxy. However epoxy resin has the problems of high cost 
and processing difficulty due to the requirement of heat for curing, it can provide 
well-bonding three dimensional cross-linking structures with excellent strength 
and hardness after curing (Harris, 2001). Epoxy resin can be processed 
healthier because its cure mechanism does not forms a volatile by-product 
(Mazumdar, 2001).  
2.2 Composite properties 
Composites have adjustable and tailored properties because they are not only 
functions of their components, but also depend on their distribution (laminate 
stacking sequence), interaction (fibre volume fraction), and processing (cure 
cycle). Therefore the composite systems can be described by specifying the 
reinforcement shape, size and distribution (Daniel & Ishai, 2006 ), as illustrated 
in Figure 2-2.  
 
    Figure2-2 Composites type (Daniel & Ishai, 2006 ). 
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Properties of composites (especially the fibre reinforced), unlike metals, are 
heterogeneous because they vary from point to point (moving from matrix to 
fibre) and anisotropic because they change when orientation is changed. 
Therefore composite properties (e.g., strength, stiffness and thermal 
conductivity) along the reinforcement direction are much greater than they are 
in transverse direction. Micro-mechanics deals with the mechanical properties 
of the constituents and their interaction, whereas macro-mechanics is 
concerned with the mechanical characteristics of the produced composite 
structure without direct regarding for the constituents and their interaction. 
Compared to traditional isotropic materials, there is a complicated relationship 
between the affected loads and deformation in anisotropic composites that can 
lead to unexpected behaviours. For example, temperature variation produces 
uniform expansion or contraction in all directions of isotropic materials, whereas 
it is non-uniform in composites and causes distortion. 
2.3 Carbon fibre reinforced polymer (CFRP) and 
prepregs 
Nowadays different types of fibre materials are available for manufacturing 
composite components. The most common reinforcing fibres and some 
conventional bulk materials are illustrated in Figure 2-3, for comparison, 
according to their tensile strength versus modulus of elasticity. Carbon fibres 
enable manufacturing of very strong and stiff structures with low density, low 
thermal expansivity, chemical inertness, specific modulus (modulus/density) 
and specific strength (strength/density). 
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Figure 2-3 Tensile and Modulus properties of composite and conventional 
metals (Mansfield, 2015; Mazumdar, 2001).  
 
Figure 2-4 illustrates the main types of carbon fibres according to their elasticity 
and strength. The fibre properties are dominant in the resin fibre mixtures; 
therefore carbon fibre reinforced polymers (CFRP) are the most prevalent 
product forms of composites that find wide range of applications.  
 
Figure 2-4 Carbon fibre types by mechanical properties(JCFA, 2014; 
Kopeliovich, 2012) 
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The polymer matrix in CFRP combination can be retained in a partially cured 
condition over prolonged period of time and produces a premixed advanced 
compound known as prepreg (Thomas, 2013 ). The generic name of “prepregs” 
belongs to its manufacturing that is processed from high performance fibres 
pre-impregnated with suitable resin matrix by means of heat and pressure. 
Prepreg contains some tack or stickiness to allow it to adhere to itself during 
lay-up operation.  
Hot melt technology is the most preferred manufacturing methods of epoxy-
based prepregs because it produces less harmful waste compared to the 
solvent impregnation method. In this method the prepreg is produced by 
sandwiching and squeezing, simultaneously, the reinforcement between layers 
of melted resin, Figure 2-5. The dry reinforcement of prepreg may be 
unidirectional, stitched or woven cloth. 
 
Figure 2-5 Hot melt process of prepreg manufacturing method (Burton et al., 
2011).  
 
Thermoset prepregs have limited shelf life, therefore they must be stored in a 
cool and dry place in order to minimize further cross-linking, increase out-time 
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and prevent them from aging (Mazumdar, 2001). The pre-catalysed resin 
system of prepregs requires heating to a prescribed temperature with high-
pressure to activate curing reaction and consolidation (Campbell, 2004).  
According to the curing temperature of the matrix, prepregs can be classified 
into low (LTM)(30°C-80°C), medium (MTM)(80°C-120°C), variable (VTM)(65°C-
125°C) and high (HTM)(>180°C) temperatures (Bashford, 2007). The prepreg 
components are manufactured by vacuum bagging method as explained in 
Figure 2-6. In this process the wet laid-up laminate of prepregs is sealed by a 
plastic film onto the tool and the air under the bag is extracted by a vacuum 
pump, up to one atmosphere of pressure, in order to consolidate the laminate. 
Then the tool is heated indirectly in autoclave or directly if the tool is integrally 
heated type. 
 
Figure 2-6 Vacuum bagging process for processing prepregs (Cripps, 1998)  
2.4 Tooling design for composites 
Tooling or tools, the moulds on which composite components are formed, are 
basis of composite manufacturing. They are not only the means providing 
reproducible shape and geometry to the mixture of reinforcement and matrix, 
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but also the mean by which consolidation is achieved and heat is transferred 
into the composite mixture for curing. Cost and complexity of the composite 
tools are defined by the performance requirements of the produced composite 
part and its desired number (ACG-Staff, 2014). Also Arney et al. (2004) 
deduced that design of the mould tool is the key factor in achieving successful, 
effective and efficient composite components.  
Mazumdar (2001) and Rudd et al. (1997) indicated to the most important factors 
that must be considered during designing and construction of composite tools, 
which are; manufacturing time, size, shape, operating pressure and 
temperature, CTE, strength, durability, stiffness and surface finish of the desired 
tool. Additionally they deduced that previous considerations must be regarded 
with the required properties of the desired component; to be produced by the 
tool, such as the cost, quality and quantity, cure cycle time and temperature, 
size, shape, CTE and surface finish. Morena (1990) and (2007) as well as 
Murphy (1994) concluded that selecting a proper tooling material, heating 
technique and positioning of the heating unit in the tool are the main factors that 
guarantee obtaining the following properties of the heated tool: 
 High heating performances of temperature uniformity and fast heating 
rate. 
 Durability and high lifecycle 
 Low manufacturing cost. 
 Manufacturability or ease of construction. 
 Good thermal conductivity. 
 Low weight. 
 High thermal stability or low CTE. 
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Almost all the materials, which can be used in composite tool construction, 
provide unique capabilities and drawbacks and accordingly composite tooling 
can be classified into hard tooling and soft tooling(Raizenne, Hind & Poupore, 
2006). Hard tooling is relatively heavy and expensive, but potentially superior in 
its results when they are applied in manufacturing high-performance parts 
because they are made from the robust materials of ceramic and metals that 
can withstand higher repeated heating cycle, wear and tear as in addition to 
maintain good surface finish and dimensional accuracy. Therefore hard tooling 
is suitable for mass production without becoming damaged (ACG-Staff, 2014; 
LeggeroForte, 2014). Soft tooling is made up of composites that can be 
produced with less cost, but they provide low thermal (heating cycle), wear and 
tear resistances. Therefore this type of tooling is more suited to prototypes than 
mass production. The appreciated advantage of the soft tools, over the hard 
tools, is their low thermal expansivity that is often closer to the CTE of the 
component materials and eliminates the problem of CTE mismatch (ACG-Staff, 
2014; ACG-Staff, 2015). Also, compared to hard tooling, soft tooling can provide 
greater facility through faster fabrication time, complex tool shapes and lower 
investment cost. 
The previous review deduced that of selection the proper tooling material needs 
balancing between many factors providing that gives the desire properties of 
low shrinkage, high stiffness and low cost. Sometimes several composite tools 
can be manufactured for less than the cost of a single hard tool thus making 
somewhat larger volumes affordable because the final manufacturing cost of 
the composite tools is lower than that of a hard tool. Typically composite tools, 
compared to the hard tools, provide more facility for manufacturing large size 
tools due to their low density and light weight. 
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2.5 Tooling materials 
Tool material can offer most of the required characteristics of the tool providing 
that it is selected properly between the normal choices of the tool materials that 
include steel, aluminium, electroform nickel, wet laminated composites, 
prepregs, monolithic graphite, ceramic and wood (Murphy, 1994; Rosato, 2004; 
Scott Bader Company, 2005). Figure 2-7 illustrates comparison of the thermal 
mass between different tooling materials of composites and metals. 
 
 
 
 
 
 
 
Figure 2-7 Thermal masses of different tooling materials (Bishop, 1992) 
Metallic too ls provide high durability, high tool life and relatively high thermal 
conductivity, but the issues of their high CTE, thermal mass and density make 
them undesirable as tooling material in composite industry (ACG-Staff, 2015; 
Parker et al., 1981; Schwarz, Krahn & Hartwig, 1991). That is because the 
mismatch between CTEs of the tool and the composite part produces thermal 
stresses, lack of accuracy, distortion (e.g. spring back) and damages in the 
produced part (Baril-Gosselin, 2013; Sloan, 2011). Invar 36 has a good CTE 
which nearly matches that of CFRP, but slowly lose its place in industry due to 
the issues of tooling weight, operation and initial investment costs (Mazumdar, 
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2001). Another issue of invar tooling is long cure cycles due to the high density 
and thermal mass (volumetric heat capacity) that makes the tooling absorb 
most of the heat (Callister, 2002).  
Although composites, especially CFRP, as applied by Grove et al. (2005) for 
constructing a proposed integrally heated tool, have potential to overcome the 
problems of the hard tools due to its low density, thermal mass and CTE, their 
application is still restricted because of its low lifecycle, thermal conductivity and 
low resistance to matrix cracking under the effect of repeated thermal loading 
(Campbell, 2004). On the other hand each of Lucas & Danford (2009) and 
Khairul & Anghelescu (2009) investigated the manufacturability, tool cost, and 
durability performances of carbon foam as tooling material and they deduced 
that the residual stresses in the part and the tooling can be reduced due the low 
CTE and modulus of the carbon foam, but the mechanical strength of the foam 
must be considered during the tooling design.  
In order investigate the effect of tooling materials on the durability and lifecycle 
time of composite tooling, Morena (2007) quoted the lower lifecycle values of 
some composite and metallic tools from reports of various industries, as listed in 
Table 2-1. Results show that the metallic tools are more durable (higher 
lifecycle) and the lifecycle of composite tooling depends heavily on the 
manufacturing method because there is a big difference between the quoted 
values of prepreg and wet lay up toolings.  
CFRP composites are the most appropriate tooling materials, Although, 
compared to the hard tools,  they have low wear resistance and matrix micro-
cracking that occurs due to thermal fatigue and humidity, especially during 
intermittent operating (Campbell, 2004; Zimmer et al., 2012). Because 
Chapter 2. LITERATURE REVIEW 
 
27 
 
composite properties can be adjusted and tailored, different studies were 
conducted to improve the wear and fatigue resistance of the CFRP tools, for 
example Ji et al. (2005) applied nano-dopants (e.g. nano-SiC and Nickel-coat) 
to the surface layer of a CFRP mould and achieved improvement in the tool 
wear resistance. On the other hand Nair et al. (2001) improved micro-cracking 
of carbon fibre by using matrix possesses higher temperature endurance and 
humidity resistance.  
Table 2-1 A fabricated mould, tool and fixture life (fabricated in autoclave at 85-
100 psi) (Morena, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Another key problem of composite tools is their low thermal conductivity, 
especially through thickness, due to the poor conductor resin that acts as an 
insulation material (Han & Chung, 2011; Han et al., 2008). The thermal 
conductivity of carbon fibre is investigated by Hind & Robitaille (2010) and they 
concluded that the values of in-plane and through thickness thermal 
conductivities of cross-ply laminates with fibre volume fractions between 0.55 
and 0.62 are 2.6 - 3.9 W/m.K and 0.45 - 0.74 W/m.K, respectively. The through-
thickness thermal conductivity of carbon fibre composites can significantly be 
enhanced by; using three-dimensional weaving fabrics, filler incorporation as 
Mould type 
Autoclave cycles 
at 170ᵒC 
(before repair) 
Material Fabrication method Tool 
Bonding 
 fixture 
Steel Sheet, Cast or Machined 700 1000 
Aluminium Sheet, Cast or Machined 300 500 
Composites temperature Lay-up Process  
Epoxy, 
Glass, 
Carbon fibre 
reinforced 
Room  Wet 
Vacuum  
Bagged 
30 50 
Room/High  Wet 50 80 
High  Wet 60 90 
High 
Prepreg 
Wet surface coat 
100 150 
High 
Prepreg 
Film surface coat 
200 300 
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well as curing pressure, which provides higher volume fraction (Schuster et al., 
2008; Schuster et al., 2009). Adding filling materials can improve thermal 
conductivity of composites, as deduced by Milella et al. (2014). Accordingly 
Gallagher (2012) applied a heterogeneously structured resin with conductive 
silver filler of 9% weight fraction and obtained highest thermal conductivity in 
excess of 5 W/m.K. 
 Regarding the particulate composites Konzelmann et al.(2008) studied the 
influence of silica glass (SiO2) and aluminium nitride (AlN) as a filling material in 
the thermal conductivity and electrical properties of epoxy resin, as a result they 
advised application of AlN in constructing the moulds that need heat transfer. 
Akatsuka and Takezawa (2003) concluded that thermal conductivity of isotropic 
resins can be increased approximately 1.5 to 5 times by adding certain kinds of 
ceramic powder as filler. Papanicolaou et al. (2012) studied the mechanical 
properties of aluminium-epoxy particulate composites and concluded that the 
bending modulus increases continuously with fibre volume fraction, however the 
flexural strength decreases due to agglomerations. Senthilkumar et al. (2012) 
also investigated the mechanical and thermal properties of particulate epoxy 
resin-aluminium (Alepoxy) composite with various volume fractions, which are 
frequently applied in rapid tooling technologies, and concluded that the mixture 
with 0.5 fibre volume fraction provides 4.67 W/m.K thermal conductivity, while 
Tomlinson and Stapley (1977) concluded 1.35 W/m.K and the variation may 
return to the difference of resin type, fibre particle size, measurement methods 
applied. Zhou and Yu (2010) concluded that the thermal conductivity of 
aluminium/epoxy resin composites is influenced by the size, concentration and 
surface modification of the particles e.g. composites of 2 𝜇𝑚 particles with 0.48 
volume fraction has thermal conductivity of 1.25 W/m.K while that of 40 𝜇𝑚 has 
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1.16 W/m.K. Also they deduced that uniform dispersion of the particles 
eliminates agglomerate and decreases air voids.  
Some researchers studied application of bonded dissimilar materials, e.g. metal 
faced composite, as tool material to solve the key problems of through 
thickness conductivity (Baril-Gosselin, 2013; Morgan, 2014; Raizenne, Hind & 
Poupore, 2006). Different attempts were carried out by NRC-IAR to develop the 
heating performance of an integrally PMC tool by lining a copper sheet at its 
back surface (Lynn et al., 2010; Raizenne, Hind & Li, 2005). Their results show 
that the tool thermal conductivity in the directions of in-plane and through 
thickness is increased by 1.3 W/m.K and 0.3 W/m.K, respectively. The main 
issue of this type of tools is obtaining intimate contact and preventing it from 
delamination, erosion, melting and thermal degradation. 
2.6 Curing process 
 Curing is the toughening or hardening of the composite materials and cross-
linking of polymer chains, after exposing the composite mixture to elevated 
temperatures and pressures simultaneously. Curing process occurs through a 
predetermined length of time and cure cycle refers to the magnitudes and 
durations (historic) of the temperature and pressure applied during the curing 
process (Loos & Springer, 1983). The pressure is applied to compact and 
consolidate the cure assembly during processing, remove the excess resin and 
entrapped voids inside the laminate and finally to obtain a cured component 
with good quality (high volume fraction and strength as well as low void content) 
(Yan, 2007). The cure process of thermoset composites requires external 
heating and involves two nested stages of impregnation and gelation (Shigue et 
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al., 2004). During the impregnation stage the resin melts and its viscosity drops 
to a lower amount that facilitates the resin flow under the applied pressure to 
impregnate the fibre. The gelation stage starts with initiation of the resin 
reaction initiates and cross-linking, through which the resin viscosity increases 
slowly until the resin gels and flow ceases. The cure reaction, during the 
gelation stage, generates internal heat (resin exotherm) (Loos & Springer, 
1983). Garschke et al. (2012) concluded that further heating of the resin, while 
the cross linking is still low enough, results in another drop in viscosity.  
Slow heat transfer through the cure assembly, especially the large thickness 
laminates, due to its low thermal conductivity produces higher temperature 
gradients in the cured composites that may produce components with 
mechanical and thermal properties below the expected (McGee, 1982). 
Sometimes high temperature overshoot at the centre areas of the laminate 
resulting in material degradation (Yan, 2007). On this account the cure of 
thermoset resin in a cylindrical mould heated by air is investigated by Kosar et 
al. (2005) and concluded that temperature gradients developed within the resin 
with the highest temperature in the centre due to the internal heat of cure 
reaction, low thermal conductivity and moderate heat capacity of the resin.  
The cure cycle has a significant effect on the ultimate thermal and mechanical 
properties of the produced component and efficiency of composite processing is 
a function of performing the cure cycle with the following major considerations 
(Loos & Springer, 1983; McGee, 1982; Plesu et al., 1994): 
 The temperature inside the resin must not exceed (overshoot) the present 
maximum value of curing temperature, at any time during cure. 
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  All the excess resin must be squeezed out from every ply of the 
composite at the end of the process. 
 Uniform cure must be achieved completely.  
 The entrapped voids must be removed out to produce components with 
the lowest possible void content. 
 The curing process must be achieved in the shortest amount of time. 
Ding et al. (2001) mentioned that heat transfer in the curing assembly 
(composite laminate) is complex and involves conduction, convection by resin 
flow, exothermic heat of cure reaction as well as phase change due to resin 
polymerisation. Numerous models have been developed based on that of Loose 
and Springer (1983) to simulate and analyse the curing process of thermoset 
composites during manufacturing (Skordos et al., 1997). The models are an 
incremental transient finite difference method that accounts for both thermal and 
chemical interactions, involving simultaneous mechanisms of resin flow, heat 
transfer, consolidation, void content, residual stress and heat generation 
(Skordos & Partridge, 1999). Modelling of cure assembly is performed to define 
the spatial transient distributions of the temperature and degree of the cure 
across the laminate thickness, therefore successful modelling requires 
extensive knowledge of material properties and processing characteristics 
(consolidation pressure and curing cycle temperature) of the cure assembly 
(Yan, 2007).  
 Previous inferences show that curing processes involves a complex heat 
transfer and the mould temperature must be enough for curing (decomposition 
of the initiator) without causing high temperature gradient and overheating, in 
the resin, that produce parts with mechanical and thermal properties below their 
specification. This reality should be taken into account for improving any 
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process of curing outside autoclave, successfully. Although rapid curing 
reduces initial resin viscosity and improves resin flow properties thereby 
increases production, sometimes it may cause dry spots in the produced 
components due to the low impregnation time therefore care must be taken for 
defining appropriate curing cycle (ramp rate and dwell time) to prevent the 
curing problems of dry spots and resin richness.  
2.7 Autoclave curing  
Autoclave is still widely used in advanced industries, such as; high performance 
automotive and aerospace because it produces high-quality composite 
components (Davies et al., 2007; Herring & Fox, 2011; Johnston, 1997; 
Slesinger N., 2009). Autoclave is a combination of versatile equipment and 
typically consists of pressure vessel, a control system, electrical heating 
system, gas generation system and vacuum system (Monaghan, Brogan & 
Oosthuizen, 1991). The heat convection coefficient inside the autoclaves 
pressurised at 7atm (7.1 bar) ranges between 80-180 W/m2.K and generally the 
effectiveness of heat transfer of the pressurised air inside the autoclaves varies 
significantly with location due to uneven gas circulation (Johnston, 1997; 
Slesinger N., 2009). The operating environment of this traditional method, high 
pressure and temperature, facilitate the removal and dissolution 
(disappearance) of the voids present in the part (Almeida, Neto & Nogueira, 
1994; Hagstrand, 2005). Autoclaves can provide high consolidation pressure 
that enables fibre volume fraction typically above 60% in laminates of advanced 
composites and improves the mechanical properties of the products (Bashford, 
2007; Hexcel, 1998; Stringer, 1989).  
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Although autoclave technique lends considerable versatility to the composite 
manufacturing process and produces components with high-quality, it needs 
high-capital and operating costs despite the problems of size limitation 
(Johnston, 1997; Monaghan, Brogan & Oosthuizen, 1991; Slesinger N., 2009). 
Additionally, in autoclave the heat-up rates cannot be more than 1- 4ᵒC because 
the resin exothermic could not be run away quickly in the autoclave 
environments (Ciriscioli & Springer, 1990; Strong, 2008). Tool heating in 
autoclave is achieved by forced convention from heating air or gas, typically at 
120 - 180ᵒC, but low thermal capacity of air restricts the insertion rate of heat 
into the mass of the composite material and the tooling (Li et al., 2008).  
Accordingly the heating process in autoclave will be time consuming and costly 
($1000 to $3000 per an autoclave run, especially for the large moulds) 
depending on curing time and chamber size (Gardiner, 2008). Plesu et al. 
(1994) deduced that the resin temperature, in autoclave curing, may rise up to 
100ᵒC above the mould temperature and Ciriscioli & Springer (1990) and Strong 
(2008) mentioned that to avoid a resin exotherm ‘run away’ in the autoclave 
environment, the heating rate in autoclave should not be more than 1-4ᵒC. 
Uneven gas circulation in the autoclave produces non-uniform heat transfer to 
the laminate that causes curing gradient and internal stresses (Walczyk & 
Kuppers, 2012). As a result of the mentioned disadvantages of autoclave, 
efforts have been raised in the innovation of new alternatives in materials, 
processes and techniques which achieve the autoclave curing quality without 
autoclave in shorter time and lower cost.  
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2.8 Out of Autoclave (OoA) technologies  
Different materials, methods and approaches are developed and improved to 
manufacture the advanced composites without autoclave, but with the same 
quality. Generally they are called as the Out of Autoclave (OoA) technologies or 
methods that can overcome the problems of high operation costs, energy 
losses and long curing time of the traditional methods.  
2.8.1 Oven curing method  
In order to reduce the typical cost of autoclave in acquisition and maintenance, 
the manufacturers and researchers tried to use oven as an alternative method 
for producing polymer matrix composites. This method retains vacuum bagging 
to consolidate prepreg under a pressure of one atmosphere, but uses the oven 
for curing (Hsiao, 2013; Ridgard, 2009). The absence of external pressure in 
the traditional method of oven curing typically results in lower fibre volume 
fraction and greater porosity content (Davies et al., 2007; Hayes, Gilbert & 
Seferis, 2000). Johnston (1997) concluded that removing the external pressure 
in autoclave curing reduces the convection coefficient of environment from 180 
to 80 W/m2.K, which affects curing time and also may cause its inconsistency. 
For example, curing of a CFRP reinforced panel of 400 x 400 x 4 mm size, with 
a ramp of 2 ᵒC/min, takes about 7 hours and a production cost of £164 in 
autoclave, while it takes about 5 hours with 6% cost reduction in oven (Witik et 
al., 2011). Also Tong et al. (2011) concluded that an L-shape composite 
component of 305 x 102 x 8 mm requires 2.5 hours for curing in autoclave and 
costs about £70, but it takes about 10 hours in oven with £48 cost. Also 
Progoulakis (2004) concluded that oven is a cost effective processing method. 
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Another method of oven curing for manufacturing PMCs reinforced with glass or 
carbon fibre is microwave (MW) oven curing. Despite the problems of energy 
distribution, arcing, tool design and ultimately part quality and consistency, this 
method still has not taken off in industry and academia, as mentioned by Kwak 
et al. (2015), however  MW can save 80% of energy, 40% of cycle time and 
their associated costs, compared to autoclave, as evaluated by GKN aerospace 
(Sloan, 2011).     
2.8.2 Out of autoclave (OoA) prepreg 
Manufacturers, nowadays, produced a new type of prepreg known as out of 
autoclave prepreg that enables manufacturing of high quality components more 
quickly and efficiently outside autoclave. This product is designed to be 
processed in ovens, which can also be cured on the heated tools to provide a 
cost effective processing solution, compared to autoclave, for manufacturing 
aerospace components (Kwak et al., 2015). That is because OoA prepregs 
have the advantages of providing more flexibility in manufacturing, saving 
significant energy, less requirements for expensive tooling. They are available 
in a ranges of different low viscosity resins, fibres, thinners and additives, e.g. 
fillers and initiators(CPA, 2006; TenCate, 2013). The OoA prepregs resins are 
suited with vacuum processing only and can be cured at temperature ranging 
from 70°C to 120°C (Gardiner, 2011; Hayes et al., 2014). This type of prepregs 
are specially designed and partially impregnated to create a porous medium 
that can be evacuated, to remove the entrapped air during the lay-up, before 
the resin becomes liquid and infused the fibre (Repecka & Boyd, 2002). 
Regarding the properties Dang et al. (2011) concluded that the produced 
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components of OoA prepreg systems, with same volume fraction of 0.59, are 
mechanically comparable to that of autoclave. 
2.8.3 Same quality resin transfer mould (SQRTM) process 
The dry carbon fibre, in the resin transfer moulding (RTM), is consolidated 
between the upper and down parts of a closed heated mould, combined with 
heated press or as stand-alone unit, and then catalysed resin with low viscosity 
is injected into the mould. The resin is pumped under a pressure lower than 
500kPa (5 bar) for displacing the air at the edges, until the mould is filled 
(Cripps, Searle & Summerscales, 2000; Kruckenberg & Paton, 1998; Potter, 
1997).  
However the OoA process of RTM is considered as the most appropriate 
alternative to autoclave and  produces liquid epoxy carbon components with the 
same quality of autoclave, it cannot be used in manufacturing of prepreg (Rudd 
et al., 1997). Recently some designers and manufacturers fabricated prepregs 
by RTM method in a new process called SQRTM that can overcome the issues 
of qualification and produce sub-preforms that cannot be made with dry fabric 
easily due to lack of tack (Thuis, 1999). In SQRTM process, the dry preform is 
replaced by toughened prepreg, which is laid up on the surface of the lower part 
of robust, sealed and matched metallic heated mould. Then a small amount 
resin, of the same used in the prepreg, is injected into the closed mould under a 
positive pressure of approximately 100 psi (6.89 bar) (Black, 2010a). The resin 
is injected just to maintain a uniform hydrostatic pressure in the mould that 
prevents void formation and eliminate the problem of dry spots and not to 
impregnate the prepreg. SQRTM can produce true net shape and highly 
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unitized components with tight tolerance, high level of integration and high 
surface finish (Vries, 2002). This new technique, if compared to autoclave, can 
produce complex structures in a single cure cycle (shorter by 2 hours) and 
lower curing cost by 20%. Although the method offers autoclave quality, 
eliminates the vacuum bagging and assembly steps with associated costs, the 
high tool cost and injecting extra liquid resin are still problems (Roover, 2011). 
2.8.4 Quickstep technology 
Quickstep is an OoA process developed by Quickstep technology in Australia, 
patented by Graham (2000), in which a heat exchange liquid such as glycol is 
applied instead of air in autoclave. In this method the uncured prepreg is laid up 
on the tool face and vacuum bagged then they inserted together between tool 
impermeable bladders containing heat transfer liquid at 1 to 4 psi (0.07- 0.28 
bar) operating pressures on parts (Arney et al., 2004). Compared to autoclave 
and oven processing, Quickstep can cure faster because the heating medium 
provides higher convection coefficients and also it is close proximity from the 
part during processing (Herring & Fox, 2011).  
  Bond et al. (2005) and Davies et al.(2007) concluded that, compared to 
autoclave, Quickstep can reduce cure cycle time by 50% and 43%, respectively, 
because Quickstep can perform heating with faster rate. Also Garschke et al 
(2012) deduced that cure cycle in Quickstep enhances flow properties and 
saves at least  27% of curing time and reduces the laminate porosity to 4% 
under the pressures of vacuum bag plus Quickstep chamber of - 97 kPa (-14 
psi) and 10 kPa (1.45 psi), respectively. On the other hand Griffiths & Noble 
(2004) mentioned that this  process can be used for melding process (joining or 
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welding the composite parts) by insulating specific areas of the components to 
be cured partially in those area and fully cured in others and finally two 
components could be joined together, from the places of partial curing, in 
another cycle without the cost of adhesive. Zhang, Guo & Fox (2009) and 
Coenen et al. (2005) concluded that the mechanical, physical and chemical 
properties of the carbon epoxy laminates, produced by Quickstep, are in the 
range or superior to the autoclave. 
 Arguably Quickstep technology can be considered as an alternative to the 
autoclave processing because it can perform fast curing with higher heating 
rates up to 15ᵒC/min, compared to autoclave (Garschke et al., 2012). Although 
Quickstep can produce components with autoclave quality, low tooling cost and 
curing cycle time (Walczyk & Kuppers, 2012), it is still has the problem of size 
limitation and cannot be used to produce large parts because larger parts 
require a larger heating chamber. 
2.8.5 Double vacuum bagging technology 
The traditional single vacuum-bag (SVB) is often ineffective in moulding prepreg 
composite because the resin matrix contains by-products or solvent that 
produces volatile during processing and SVB assembly hinders their escape 
(Hou & Jensen, 2004). Therefore the Naval Air Warfare Centre, Warminster, PA 
proposed a new, workable and low cost out-of-autoclave double vacuum bag 
(DVB) processing technique for the management of volatiles (Sherwin, 1999). In 
this procedure, as shown in Figure 2-8, the laminates of prepreg composite are 
laid up between a caul and tool face and enclosed by two vacuum bags (inner 
and outer bags) and sealed around the edges onto the tool face. 
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Figure 2-8 Double vacuum bag (DVB) process (Hou & Jensen, 2004) 
Before assembling the outer bag, a perforated tool that can withstand the 
atmospheric pressure of 14.7 psi is installed outside the perimeter of the Inner 
bag. The two vacuum ports (located on the tool face inside the bag) are 
connected separately to two vacuum pumps. Then the DVB assembly is placed 
in an oven to cure, then the inside pressures of the outer and inner bags are set 
to full vacuum of 14 psi (30” Hg) and 13.8 psi (28” Hg), respectively. During the 
B-stage of curing (low temperature ramp-and-hold period), the outer bag is 
collapsed onto the stiff perforated tool due to the outside atmospheric pressure, 
but the inner bag is ballooned and presses against the perforated stiff tool 
because of the vacuum differential between the two bags. The produced curing 
volatiles will be free to escape in this method, while the composite lay-up in the 
DVB is vacuumed, because the lay-up is not compacted via the inner bag by 
the atmospheric pressure and remains loose. 
Hou & Jensen (2004) mentioned that this procedure can easily be implemented 
without the outer bag and  perforated tool in any vacuum heating chamber 
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(vacuum oven, vacuum press or autoclave), because the chamber wall serves 
as the outer bag. Also they stated that DVB process, which was pursued at the 
NASA Langley Research Centre, is applicable to other important composite 
fabrication processes, such as resin film infusion (RFI), resin transfer moulding 
(RTM) and vacuum assisted resin transfer moulding (VARTM). Sherwin (1999) 
applied DVB to repair CFRP laminates outside autoclave. Despite the feasibility 
of the technique for curing laminates that cannot be cured conventionally under 
vacuum bag, the process has the disadvantages of sealing difficulties, 
especially for the flat parts. 
2.8.6 Integrally heated tools  
Integrally heated tool is the innovative alternative of the conventional methods 
of composite fabrication that can offer the following abilities for composite 
manufacturing (Arney et al., 2004; Raizenne, Hind & Poupore, 2006; Walczyk & 
Kuppers, 2012).  
 Heating the composite parts more directly, during curing.  
 Fabricating the large and complex shape components.  
 Consuming lower amounts of heat (energy), time and capital, compared 
to the traditional methods.  
This conductive technology can be used in all processes of vacuum bagging 
resin infusion (VBRI) and resin transfer moulding (RTM). Comparing to the 
traditional methods, integrally heated tools can save more energy and reduce 
approximately 40% of the curing time by increasing heating rate up to 5ᵒC/min, 
as concluded by Baril-Gosselin (2013) and  Raizenne et al. (2006). That is 
because the heating source, in the integrally heated tools, is directly attaches 
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tool (may be connected to the tool externally or embedded according to 
installation facility) and eliminates the need for heating the surrounding 
environment (Black, 2011). Payette et al. (2015) evaluated the curing 
performance and energy efficiency of a ThermoCeramic (TCXTM) heated tool 
(flat aluminium plate with a novel TCXTM heating technology) in terms of 
laminate quality and energy consumption and found that the tool, compared to 
oven cure, produce laminates with oven quality and saves 66% of the energy 
required for standard curing of OoA prepreg in an oven.  
Marsh (2003) and Mason (2006) reported that integrally heated tools nowadays 
are widely used in different industries, such as, wind energy, aerospace, 
surface transport. For example Brandes (2008) explained that the developers 
optimised a cost effective resin infusion heated tool to produce lining sets for 
the VIP aircraft of Lufthansa, due to the considerable required expenditure for 
the production of large scale prepreg components in autoclave. Progoulakis 
(2004) concluded that the integrally heated tool, compared to oven an autoclave, 
can cure the identical prepreg laminate faster by 20% with a ramp rate higher 
by 50%. Also he prepared cost data (Table 2-2), for comparison of an integrally 
heated tool with the autoclave and oven for manufacturing a 12 m long 
composite C beam by resin film infusion, and concluded that the heated tool 
reduced the estimated power requirements, operating cost, equipment 
procurement costs, except that of the procurement. Furthermore he deduced 
that integrally heated tool offers a 15% reduction in manufacturing risk of 
potential damage to tooling equipment and components because it does not 
require a frequent move in and out of autoclave and oven. 
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Table 2-2 Cost data and performance comparison of processing options 
(Progoulakis, 2004) 
Cost  Data unit 
Processing Methods 
Heated tool  Autoclave oven 
Estimated power requirements  kW 30 720 150 
Operating cost £/h 3 10 7.5 
Procurement costs 
£ 
15,000 475,000 85,000 
Pre-production requirements costs 72,000 66,600 66,600 
Production requirements costs 2,165,000 2,625,000 2,150,000 
  
2.8.7 Heating technologies  
Different categories of heating technique are available nowadays; each has its 
advantages and drawbacks (Astrom, 1997). According to the applied heating 
source, they can be classified into three categories. The first is known as the 
radiation method such as, flame, laser, infrared, microwave, induction and radio 
frequency (Chen et al., 2005; Ó Brádaigh et al., 2011). Second type is the 
electrical heating element that has different techniques with typically different 
heating performance and its most available categories are heater mats, 
resistive heaters, heating fabrics (Arney et al., 2004; Progoulakis, 2004). The 
third technique is fluid circulation in which different fluids, such as, gas, water, 
oil, steam are applied as heating medium to flow in pockets or through channels 
to heat the tool. This technique, especially water and oil, can also be utilized for 
cooling (Astrom, 1997; Black, 2011).  
2.8.7.1 Electrical heating technology 
Most of the electrical heating units are available in different sizes that could 
serve a wide range of processes and applications (Arney et al., 2004; 
Progoulakis, 2004). Black (2011) and Marsh (2003) clarified that on-mould 
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application of resistive heating elements is more preferable than in-mould due 
to the ease of installation, operation and maintenance.  
PM solutions explored a digital controlled heating technique that has a 
thickness less than 2mm (PPM Solution Ltd., 2014). Grove et al.(2005) applied 
electric-resistive heating element in an integrally heated tool made of CFRP of a 
resin film infusion RFI process. The tool is applied in producing CFRP laminates 
with thicknesses up to 11mm. Then the heating performance (e.g., through 
thickness and in-plane temperature distribution) of the heated tool is defined 
and physical properties (e.g. thickness, curing degree, fibre volume fraction (Vf) 
and void content) of the produced laminates are evaluated. Finally they 
compared the results with that of oven and autoclave cure and concluded that 
the integrally heated tool with electric-resistive heating is better in saving energy 
and operation costs as illustrated in Table 2-3.  
 Table 2-3 Cost data and performance comparison of processing options 
(Grove et al., 2005; Progoulakis, 2004)  
Cost  Data unit 
Comparison of  processing options 
Heated tool vs autoclave Heated tool vs oven 
Estimated power requirements  kW 96% less power 80% less power 
Operating cost £/h 70% cost saving 60% cost saving 
Procurement cost 
£ 
 
97% cost saving 82% cost saving 
Production requirements costs 17.5% more expensive 0.7% more expensive 
Pre-production requirements costs 14.5% more expensive 
Risk level - 15% reduced risk 
Also Liu and Lam (1997), as cited by Ding, Chiu and Liu (1999), investigated 
the performance of an RTM tool assembly, heated in-situ by an electric–strip 
heater, and compared with that of oven and autoclave. Results show that the 
integrally heated tool with attached electric heaters provides heating much 
faster, but temperature distribution over the tool face was not uniform as in oven 
and autoclave. The heating unit in this method have the advantages of being 
sufficiently pliable to bond to the back of variety mould shapes, occupying a 
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small space on the tool during installing, it offers fast curing and has ability of 
local heating with different heat flux (Black, 2011; Marsh, 2003). Recently 
Tiberghien (2015) used heating pouches, made of high temperature rubber or 
silicon with embedded Tibgrid or Thermostretch flexible layer (a flexible electro-
heating grid integrated in a woven yarn), that facilitates the layup of functional 
circuits on complex or deformable shapes and does not take up space during 
use and storage, but the technique has three principal constraints of fatigue 
strength, dielectric and heat exchange within the specific  framework of 
composite materials.  
Bromley (2015) investigated integrally-heated tooling for the cure of resin 
infused CFRP composites and provided recommendations for the team into the 
next phase of their research of the technology (heated tool) and its applications 
comparing the type of components that could be produced by heated tools and 
the energy intensity required. Induction heating is another heating technology, 
which heats the metallic tool through the joule losses from induced eddy current 
flows in the tool in response to an applied alternating magnetic field (Bromley, 
2015; France & Alanta, 2009; Sloan, 2014). Kaden (2015) deduced that this 
technique can provide heating rates of up to  65ºC/min and temperatures over 
300 ºC. 
A recent technique, as reported by Gardiner (2015), is the PowerFilm that can 
generate up to 10 KW/m2 of heat from electricity efficiently and it is a thin layer 
of 100 micron CF insulated with a polymer and incorporating copper contacts. 
Athanasopoulus et al. (2013) investigated application of carbon fibres as 
heating element in an open lightweight composite mould, due to the ability of 
CFs to conduct electric current. They concluded a thermal gradient at the edges 
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of heated area with strict limits of ± 2.6°C for temperature deviation over the tool 
face. 
 Regarding the disadvantages of the method, each of Sloan (2013) Petrykowski 
& Fischer (2012) and Black (2010b) deduced that electrical heating methods, 
comparing to the other heating methods of oil and pressurised water, have the 
problems of large energy consumption, cannot provide cooling, are inconsistent 
in temperature distribution and in operation the required temperature may be 
exceeded depends on control strategy.  
2.8.7.2 Fluid- circulation heating method 
Fluid circulation method heats the mould by circulating a hot fluid in a pocket 
connected directly to the tool or a channel embedded in the tool (Yao, Chen & 
Kim, 2008).  The main advantage and disadvantages of fluid circulation method, 
comparing to electrical heating techniques (such as, the resistive heaters of 
PPM solution), are listed in Table 2-4. Despite its drawbacks, fluid circulation 
technique is still widely used in composite industry, plastic injection moulding 
and thermoforming processes due to its preferred advantages (Marsh, 2003). 
Various fluids (e.g. oil, water and steam) are available to apply as a heating 
medium in this technique and temperature spectrum of water and oil can be 
increased up to 227°C and 349°C, respectively, by pressurisation that increases 
their boiling points (Petrykowski, 2012; Petrykowski & Fischer, 2012). 
Accordingly different studies are conducted to compare between these and 
other heating techniques (e.g. electric cartridge, electric resistive, and oven and 
infrared induction) in achieving the following performance variables (Black, 
2010b; Petrykowski & Fischer, 2012; PMC; Sloan, 2013). 
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 Temperature range or the maximum temperature could be achieved by 
the method. 
 Cooling ability. 
 Temperature gradient, which means temperature uniformity over the tool 
surface. 
 Ramp rate or heating speed. 
  Energy consumption, which is defined by the amount of energy required 
to heat the tool to a specific temperature. 
Table 2-4 Advantages and disadvantages of fluid circulation heating technique 
(Marsh, 2003) 
Advantages Disadvantages 
1. Low cost and efficient heating medium. 
2. Low power required for heating while the fluid 
medium has low viscosity  
3. Low power required for pumping, while the 
fluid medium has high thermal capacity. 
4. The method can also be used for cooling. 
5. The achieved temperature never exceeds 
required tool surface temperature. 
6. Heating medium defines maximum 
temperature.  
1. Need for pipework which may 
be expensive to install. 
2. Additional weight of pipes and 
fluid medium. 
3. Leaking may occur. 
4. Repairing the embedded pipes 
can be challenging. 
 
As listed in Table 2-5, it was concluded that fluid circulation, especially 
Pressurised water, can provide inherent energy saving, precise temperature 
control and fast ramp rates for heating and cooling, while oil is very slow to build 
temperature, consuming large amounts of energy and it is not suitable for clean 
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room processing. So water is superior in achieving the desired temperature 
uniformly over the mould face with the lowest cost, time and consumed energy. 
Various studies have been conducted for developing the heating ability of fluid 
circulation method and accordingly different improvements are achieved and 
techniques are created. For example, Boyce and Prybyla (2010) utilized a LLC 
K-Factor carbon nanotube-based heating system to the interior of a composite 
tool that is covered by a single-ply of prepreg  and subsequent surface coats. 
The technique provides more efficient heated tool with advantages of ease of 
fabrication, simple construction, rapid heating-up and cool-down and high 
temperature uniformity. Unfortunately the method is expensive and requires 
external attachments of plumbing, pumping unit and control system. 
Table 2-5 Comparison between the heating performances of different heating 
techniques (Petrykowski, 2012) 
Surface Generation formed a new multi-channel system, called Functional 
Specification (PtFS) process, depending on the principles of fluid-circulation 
heating method (Surface Generation, 2011). The system is a special tool 
consisting of multi regions, typically 32, connected to a multi-channel control 
system. This heating system allows the manufacturers to dynamically control 
temperatures of each mould area and process stage to the exact heating and 
Heating Method 
Comparison variables 
Temperature 
range 
Cooling 
Tool 
temperature 
gradient 
Ramp 
rates 
Energy 
consumption 
°C 
Electric Cartridge 371  non 11 high high 
Embedded Resistive 371 non 11 high high 
IR/Induction 371  non 11 high high 
Ovens 260 limited 3.9-5.6 low high 
Oil (pressurised) 349 Yes 2.2 medium medium 
Steam (pressurised) 149 Yes 2.8  high medium 
Water (Pressurised ) 227 Yes 1 high low 
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cooling level requirements in real time. It is applicable in a range of industry 
sectors, e.g. aerospace and automotive. 
Tube circulation is the commonest example of the fluid circulation heating 
method. Therefore thermal response of the oil-heated tool under the influence 
of different flow rates were investigated numerically and verified experimentally 
by Ding, Chiu and Liu (1999) as well as Ding et al. (2001). Results showed that 
temperature of the integrally oil-heated tools could be controlled by controlling 
the flow rates of the oil. Furthermore they deduced that higher flow rates, that 
make turbulent flow, will heat the tool faster. Then they developed an analytical 
model for defining the heat transfer process in the oil-heated tools. 
 On the other hand, for optimizing the performance of rapid heat cycle mould 
(RHCM) , in the field of plastic injection manufacturing, Guilong et al. (2010) and 
Wang et al. (2011b) studied numerically the effect of channel geometries, 
heating medium and tool material on the tool heating efficiency and temperature 
uniformity along the tool face. They concluded that an appropriate reduction in 
the both distances between the centres of the adjacent channels as well as the 
tool face and the channel centre can improve the thermal efficiency of the 
heated tool.  Also they deduced that the importance of thermal conductivity and 
thermal capacity of the tool and channel materials in improving temperature 
uniformity and heating time of the tool. Finally their results indicated that the 
achieved tool temperature by water and steam heating cannot exceed 90°C and 
100°C, respectively, while oil-heating can attain up to 180°C. According to the 
results of previous studies Wang et al. (2010),(2011a) and Wang Y. et al 
(2011c) constructed the optimised mould design to verify, experimentally, the 
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numerical results, thereby confirming the effectiveness of the optimised tool 
design in heating and cooling.  
Yoo (2008) quoted that accurate heating performance on the heated mould 
surfaces ensures reasonable part quality and production cycle time in all 
processes of thermoforming, plastic injection moulding and moulding curing of 
fibre reinforced polymer composites. Conformal heating and cooling channels 
are designed and formed to follow the tool surface and to conform to the shape 
of the parts as much as possible. Therefore many researchers and designers 
have studied conformal channels as an approach to provide enhanced thermal 
control over the manufacturing process (Walczyk & Yoo, 2009; Xu, Sachs & 
Allen, 2001; Yoo & Walczyk, 2007). During an optimisation study for the design 
of the conformal cooling channels in plastic injection moulding, Dimla et al. 
(2005) concluded that conformal channels, compared to the straight channels, 
can heat and cool the tool faster. Although research has been conducted to 
improve the moulds of thermoplastic and thermoset injection moulding 
processes, their achievements can be considered in improving the tooling for 
manufacturing advanced composites.  
2.9 Thermal cycling  
Thermal cycling is the process of repeatedly cycling a material, typically 
between two temperature extremes at relatively sufficient dwell time and rates 
of change (ramp rate). It involves two main stages of heating and cooling that 
redistributes the internal energy in the system or the heated body (Ashby, 2011; 
Hancox, 1998). The heating cycle, contrary to the cooling cycle, produces a 
relative change in the linear dimensions called expansion because heating 
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increases both the vibration and separation energies of the material atoms, 
especially the solid materials (Stone, 2014). Therefore each material has a 
special characteristic of expansion known as thermal expansivity or coefficient 
of thermal expansion (CTE). 
Thermal response or behaviour of the heated or cooled materials throughout 
thermal cycling is understood as “thermal effect” or “effect of heat on materials” 
that depends on the thermal properties of the material such as thermal 
conductivity, specific heat and CTE (Bokstein, Mendelev & Srolovitz, 2014; 
Martinez, 2014; Speyer, 1994). Thermal effect is sometime advantageous as in 
thermometers, while it is generally an undesired phenomenon because the 
temperature variation not only degrades mechanical behaviour of the materials, 
but also modifies all the material properties, that may affect the performance of 
the system or destroy its geometry and structure completely (Crompton, 2013; 
Jones, 2000).  
2.9.1 Thermal stress 
Thermoelastic deformation occurs when any material changes in temperature 
due to the expansion or contraction resulted in the structure (Brown, 2011; 
Martinez, 2014). Thermal deformation will be stress-free in unrestrained 
isotropic materials, if the temperature variation is uniform all over the body, and 
amounts of thermal elongation and strain, in each direction, could be defined as 
follows (Askeland et al., 2011; Rogin, 2010). 
∆𝐿𝑡ℎ =  𝛼𝐿 ∆𝑇                                              (2- 1) 
ℰ𝑡ℎ =
∆𝐿𝑡ℎ
𝐿
= 𝛼∆𝑇                                        (2- 2) 
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Generally thermoelastic stress will occur in constrained anisotropic materials 
under the effect of non-uniform temperature variation. If the attained thermal 
stress exceeds the elastic limit, irreversible thermoplastic deformation occurs. 
Amounts of the effective thermoelastic stress and load, in each direction, are 
calculated respectively by the following equations (Martinez, 2014; Rogin, 
2010). 
𝜎𝑡ℎ = 𝐸ℰ𝑡ℎ = 𝐸𝛼∆𝑇                                         (2- 3) 
𝐹𝑡ℎ = 𝜎𝑡ℎ𝐴 = 𝐸𝛼𝐴∆𝑇                                       (2- 4) 
Boley & Weiner (Bruno & Weiner, 2011) and Chen & Nelson (1979) presented 
that the lower dilatable material, during heating the bonded materials, 
constrains the expansion of the higher and becomes under a tension load, while 
the later becomes under compression, cooling reverses the situation 
completely. Therefore the expansivity mismatch between the bonded materials, 
e.g. bi-material strips and composites, causes internal thermal stresses and 
thus thermal deformation or bending. The amount of misfit displacement and 
strain in the longitudinal direction of bi-material strips can be calculated as 
follows. 
 ∆𝐿 = 𝐿(𝛼𝐻 − 𝛼𝐿)∆𝑇                                                             (2- 5) 
Based on an elementary beam theory Timoshenko (1925) obtained a model 
defines the longitudinal normal stresses occurring in the thermostat strips 
(bimetallic strips), as shown in Figure 2-9, during operation (under thermal 
loading). The shear force and the moment acting at the interface of a bi-material 
strip, In Timoshenko’s model, can be converted to an equivalent force and 
moment system on the centroid axis of each layer, as illustrated in Appendix A.  
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Figure 2-9 Bimetallic strip  
 
 Fo-van (1983) concluded that the maximum shearing and normal stresses, at 
the contact surface of the strips, are concentrated at the ends along a length 
almost equals the strip thickness. In a report about bending of the bonded 
layers due to thermal stress, Abawi (2004) addressed the problem of bonded 
materials with two considerations of movement and no slip at the interface 
between the strips. Additionally during an investigation Mahrenholtz & Johnson 
(1962) included the elastic-plastic behaviour of the bonded materials to the 
Timoshenko’s elastic analysis model to ascertain the residual stresses and 
deformations present after the thermostat has been cooled.  
Many researchers applied numerical methods to analyse bimaterial structures 
with different geometries and material properties. For example, with considering 
the longitudinal and transverse interfacial compliances, Suhair (1989) 
suggested a somewhat complicated analytical model for evaluating the 
interfacial stresses that satisfy the boundary conditions for the interfacial 
shearing and normal stresses in the thermostat strips. Eischen et al. (1990) 
compared the performance of Suhair’s model with two others, in predicting the 
interfacial normal and shear stresses in bimaterial strips subjected to thermal 
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loading, and concluded that extreme care must be taken in calculation of 
stresses near the free edge of bimaterial strips.  
In the case of the bi-material plates while uniformly heated, as considered by 
Timoshenko (1925), the plate takes almost spherical form because an equal 
and constant curvature occurs along the both in-plane directions of the plate. 
Furthermore he proposed that the same equation of curvature of bi-material 
strip can be used for calculating the radius of curvature of the bi-material plate, 
but values of the plate modulus of elasticity must be divided by (1 − 𝑣) where 𝑣 
is Poisson’s ratio (Suhir, 1989; Timoshenko, 1925). 
 Composite materials are combinations of different materials, so it can be 
predicted that they act as the bonded materials when they are exposed to 
internal thermal stresses. Accordingly Tanigawa et al. (1991) obtained an 
analytical model to analyse the thermal deformation and stresses of a 
rectangular laminated composite plate under partial heating that cannot be 
predicted in isothermal problems due to its complicated thermomechanical 
behaviour and characteristic. Also, in order to calculate the compressive or 
tensile stresses generated in the resin matrix, under the effect of thermal loads, 
Hancox (1998) presented the following approximation.  
𝜎𝐿 =
(𝛼𝐻−𝛼𝐿)∆𝑇𝐸𝐿V𝐻
V𝐿[
𝐸𝐿
𝐸𝐻
−1]+1
                                           (2- 6) 
Tubes are used widely in many industrial applications for holding or transporting 
materials, e.g. liquids or gases, and similar to the other mechanical elements 
they are also subjected to thermal stresses and deformations under the effect of 
cyclic thermal loads. Timoshenko proposed an analytic model for single tubes 
with different wall thickness (e.g., “thick”, “thin” and “very thin”), Appendix B, 
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under the effect of thermal load. The model can be used to calculate the steady 
state thermal stress, strain and deformation, with the following assumptions 
(Timoshenko, 1925; Timoshenko, 1956; Timoshenko & Goodier, 1951). 
 Gradient distribution of temperature across the tube wall thickness (radial 
axis). 
 Axisymmetric temperature distribution.  
 Constant axial temperature distribution. 
 Free tube expansion.  
Distribution of thermal stresses, near the free ends of the tube, is more 
complicated due to local irregularities. The tube edge stresses are produced by 
thermal forces equal and opposite to those illustrated in Figure 2-10a that can 
be reduced to bending moments as shown in Figure 2-10b (Irfan & Chapman, 
2009; Timoshenko & Goodier, 1951). 
 
Figure 2-10 Thermal force and bending moment distribution over the tube edge 
(Timoshenko & Goodier, 1951)  
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2.9.2 Thermal failure of materials 
While temperature variation affects the composite properties of strength, 
modulus, CTE, volume fraction and Tg, different types of failure are expected to 
occur under the effect of cyclic thermal loads, for example: 
 Thermoplastic deformation, when the generated thermal stress exceeds 
the elastic limits of the material (Carden, 1963; Herakovich & Hyer, 1986). 
 Thermal shock, when the material subjected to a fast rate heating that 
causes non-uniform expansion or contraction of the entire material 
structure, as in quenching process (Hancox, 1998).  
 Thermal creep, which is a time dependent elongation under the influence 
of certain high applied load and temperature and it could be dangerous 
while in service (Goertzen & Kessler, 2006).   
 Thermal fatigue, when the material works under a repeated fluctuation of 
thermoelastic stress (Carden, 1963; Herakovich & Hyer, 1986). 
 
Thermal failure may damage the heated system structure directly (e.g. thermal 
deformation and thermal shock) or gradually by an incremental obstruction to 
the system performances until it fails completely (e.g. fatigue and creep failure). 
The significant variables that influence thermal fatigue are the thermal stress, 
fluctuating time, temperature range and its rate of change (Carden, 1963; Zung-
fang, 1986).  
Composite materials show complicated and characteristic thermomechanical 
behaviour throughout thermal cycling, because they consist of two or more 
different materials with different thermal properties (Hancox, 1998; Kamiya, 
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1979). The most expected thermal damages in composites are (Han & Hahn, 
1989; Park & McManus, 1996): 
 Transverse microcracks in the laminate matrix when its tensile strength is 
exceeded. 
  Delamination of the plies due to exceeding interlaminar shear strength. 
  Fibre failure due to the buckling of fibres.  
 
Different studies concluded that cracks ran through the resin, interface regions 
and sometime the fibres are cracked as well (Cohen, Hyer & Tompkins, 1984; 
Tompkins & Williams, 1984). Generated microcracks in resin alter unfavourably 
gas permeability, fatigue life, mechanical and thermal properties of the 
composite (Adams, Bowles & Herakovich, 1986; Eselun, Wolfe & Neubert, 1979; 
Herakovich & Hyer, 1986; Zhang et al., 2013). During an investigation Zhang et 
al. (2012) evaluated microcrack distribution and mass change in different 
carbon/epoxy braided composites under cyclic thermal loading between - 55ºC 
and 120ºC and results show that strength and stiffness followed an inverse 
relation to crack density. Roberts et al. (Roberts et al., 2003) reported that 
braided and triaxial fibre orientation composites show higher resistance to crack 
initiation and propagation.  
During investigation of the effect of repeated thermal heating Cohen et al. 
(1984) noted that the cracks accumulated in a limited number of heating cycles 
and remained constant, then increase with the increase of working cycles. This 
illustrates that cracks do not grow consistently, but hinges during a limited 
number of loading cycles due to the changes that happen to the material 
properties, which extends the lifecycle. Harris (2003) deduced that the dry 
composites (free of moisture) would not crack normally under thermal cycling 
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below the cure temperature. In their research article about thermal cracking 
Park & McManus (1996) mentioned that “when a new crack forms some of 
thermal strain energy stored in the laminate due to thermal load will be released” 
and accordingly they presented a general analysis method to predict energy 
release rate matrix cracks in composite laminate geometry. 
𝑌 =
𝑡𝑟𝑒𝑡𝑐S𝑟𝑒Sc(𝛼𝑐−𝛼𝑟𝑒)
2∆𝑇2
2𝜗(𝑡𝑟𝑒S𝑟𝑒+𝑡𝑐S𝑐)
                                      (2- 7) 
The suffixes 𝑐 and 𝑟 present the cracking ply group and the rest of the laminate, 
respectively, as shown in Figure 2-11. Regarding delamination and its effects in 
the heated tools, Progoulakis (2004) indicated that expansivity mismatch 
between the incompatible materials in the tool structure can result in disbonding 
of the heater and delamination of the composites that demolish the structural 
and heating performances of the tooling. Adams et al. (1986) concluded that 
delamination grows from transverse cracks, while microcracks avoid resin rich 
area in the resin matrix composites. For example Shahidi (2000) observed 
significant delamination in composite integrally heated tools, by each of steam 
and hot air, after a few short cycles, while both Herakovich & Hyer (1986) and 
Ramanujam et al. (2008) found delamination in the extensive damage of epoxy 
resin due to thermal loading. 
Previous conclusions of literature show that temperature fluctuation produces 
different damages in the composite structure and thermal cracking is the most 
expected damage that causes direct or gradual failure to the system. Therefore 
calculating the fatigue life data, which requires long term test, of composite tools 
that work under thermal cyclic loads must be considered to predict the intended 
service life through which the designed tool retains its durability and structural 
integrity.  
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Figure 2-11 Figure Geometry used in crack calculation (Park & McManus, 1996) 
2.9.3 Durability and tool lifecycle 
Durability or tool life of composite tooling refers to number of production cycles 
(parts can be produced by the tool) and it is the most important issue of the 
composite manufacturing that affects productivity (number and quality of the 
produced parts) and the capital expenditure. Tool life, as illustrated in both 
Morena (2007) and (1990), may be affected during storage and handling, 
therefore they suggested for maintaining the tool surface integrity. 
 Generally composite tool life, under either thermal or mechanical loading or 
their combination, is a function of fatigue crack initiation mechanism depends on  
matrix reinforcement and loading detail, which is also called fatigue life (Carlson 
& Kardomateas, 1996 ; Figiel & Kamiński, 2003). Conclusions from literature, 
Section 2.9.2, show that thermal cycling may affect the heating performance of 
heated tools before the extensive damage of its structure, because the 
generated delamination and cracks, under the reversible thermal loading, create 
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gaps through the tool parts and their interfaces (e.g. the channel and the mould) 
that hinder the heat transfer through the tool.     
 Concluding generalised fatigue data, as safe life data strategies, for 
composites is not easy, because of availability wide variety reinforced-matrix 
combinations and their tailorable properties. Therefore various researches have 
been conducted in the concept of fatigue life of composites. During operation an 
oil or water heated tool (made of vinylester) in VARTM processing at 
temperature below 100°C Williams and Bland (2003), as cited in Progoulakis 
(2004), observed a lifecycle of 2 x 103 -  6 x 103 cycles and also deduced that 
tool lifecycle decreases with the increase of working temperature. Also during 
their research Lafarie-Frenot et al. (2006) observed that both the tensile 
strength and the lifecycle are influenced by matrix cracking. 
Particulate composites, compared to the continuous type, have lower fatigue 
resistance because the weak matrix, especially at the fibre/resin interface that 
has lower glass transition temperature (Tg), must sustain most of the fluctuating 
loads (Harris, 2003; Noda & Rubingh, 1992). Kawai et al.(2001) investigated the 
off-axis fatigue behaviour of unidirectional CFRP laminates (prepreg) with 
different matrices at 100ᵒC, which was below the curing temperature of 130ᵒC 
and under the Tg temperature. They deduced that the off-axis fatigue strength of 
the laminate is matrix dependent and a 2mm thick laminate, T800H/epoxy 
(2500EP) with 0.64 volume fraction, fails after 103 cycles of a fluctuating stress 
rang equals about 20 MPa or after 106 cycles of a repeated strain range of    
2.57 x 10-3 (0.19 of the laminate fracture or ultimate strain of 1.35x10-2). Also 
Abdullah et al. (2012) concluded that the fracture limit of neat DGEBA epoxy is 
103 cycles under a repeated stress level of 18MPa at ambient temperature. On 
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the other hand Senthilkumar et al. (2012) extracted that the Alepoxy composite 
with 0.5 fibre volume fraction fails or fractures after 5384 cycles of a fluctuating 
load equals 375 MPa (moment of  5 N.m) at the ambient temperature. the post 
cure and thermal cycling, as deduced by Montoya (2003), shift Tg of to higher 
temperature region and allows the user to adjust the polymers Tg. 
2.10 Heat transfer equations 
The desired curing heat, over the surface of integrally fluid heated tools, is 
provided by convection from the fluid and then conduction throughout the 
channel and tool. Convection is a mode of heat transfer associated with fluid 
flow and occurs due to the random motion of molecules (diffusion) in addition to 
the bulk or macroscopic motion of the fluid. The random molecular motion 
contributes near the internal channel surface where the fluid velocity is low, 
especially at the interface between the solid face and the fluid at which velocity 
is zero, while the bulk fluid motion contribution originates from the fact that the 
boundary layer grows as the flow progresses in the flow direction (Bell & 
Mueller, 1984; Cengel & Boles, 2002; Gebhart, 1971). Consequently the terms 
of convection and advection are applied to define the cumulative transport by 
each of molecular motion and bulk fluid motion, respectively (Janna, 2000; Kays 
& Crawford, 1993). 
 The general form of energy conservation or balance equation states that the 
amount of heat enters a domain plus that is generated equals the stored heat in 
the domain plus that transfers out as follows (Holman, 2002): 
𝐸𝑖𝑛 + 𝐸𝑔 = 𝐸𝑠𝑡 + 𝐸𝑜𝑢𝑡                                    (2- 8) 
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The fluid flow, in the channels of fluid circulation heating technique, has an 
enclosed nature as shown in Figure 2-12. When a pumped fluid flows in tube at 
a constant mass flow rate a forced convection heat transfer occurs and the 
amount of the energy convected, due to the bulk fluid motion, can be calculated 
according to the following thermal energy equation of steady-flow (Holman, 
2002):  
 
𝐸𝑖𝑛 = 𝑞𝑐𝑜𝑛𝑣 = ?̇? 𝑐𝑝(𝑇𝑏𝑖 − 𝑇𝑏𝑜)                    (2- 9) 
When                 ?̇? =  𝜌𝑢𝐴𝑐 
 
Figure 2-12 Fluid element flow in a tube (Holman, 2002)  
While the physical mechanism of convection at the tube wall is a conduction 
process, Newton’s Law of cooling with an appropriate heat transfer coefficient 
can be used to define the total convected heat at the tube wall as follows 
(Holman, 2002).  
𝐸𝑖𝑛 = 𝑞𝑐𝑜𝑛𝑣 = ℎ𝐴𝑠(𝑇𝑏 − 𝑇𝑎)                    (2- 10) 
Both previous equations are combined, by considering the energy balance at 
the interface of the fluid and tube, to obtain the following relation that could be 
applied for finding the value of heat transfer coefficient (Holman, 2002):  
?̇?𝑐𝑝(𝑇𝑏𝑖 − 𝑇𝑏𝑜) = ℎ𝐴𝑠(𝑇𝑏 − 𝑇𝑎)                (2- 11) 
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When            𝑇𝑏 =
(𝑇𝑏𝑖+𝑇𝑏𝑜)
2
                      (2- 12) 
Conduction is another method of heat transfer occurring inside the solid tool 
and channel materials. The amount of the heat conducted through a 3D 
element of materials, Figure 2-13 is expressed by Fourier’s law as follows 
(Holman, 2002). 
        𝑞𝑐𝑜𝑛𝑑 =  −𝑘𝐴
𝑑𝑇
𝑑𝑖
= −𝑘𝐴𝛻𝑇                (2- 13) 
The tool face, in this PhD research, is considered to be opened to ambient 
temperature in order to represent the worst possible scenario for heat loss 
(Petrykowski, 2012). The tool surface is also considered without any curing 
assembly due to the complexity of heat transfer in the process, as illustrated in 
Section 2.6 and on this account, the concept of tool heating (energy 
conservation or balance equation) in this PhD research does not include 
exothermic reactions of curing process and energy generation will be zero.  
 
 
 
 
 
 
 
Figure 2-13 Three dimensional heat-flows through a solid element with 
Cartesian coordinates (Holman, 2002) 
 
Energy rate storage in the tool (mould and channel) depends on the thermal 
mass that governs the heating rate of the tool face and however thermal mass 
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be lower, the tool could be heated (heating rate) is faster (Morena, 2007). 
Amount of energy rate storage could be defined according to the following 
relation (Holman, 2002). 
𝐸𝑠𝑡 = 𝑀𝑡
𝑑𝑇
𝑑𝑡
= 𝜌𝑡V𝑡𝑐𝑝𝑡
𝑑𝑇
𝑑𝑡
                    (2- 14) 
While the tool face, in this PhD research, is opened to the environment and not 
insulated, it transfers the tool heat out to ambient due to temperature difference 
and depending on the heat transfer coefficient of the surrounding. The amount 
of heat transferred out from the surface can be defined by Equation 2-10.  
𝐸𝑜𝑢𝑡 =  𝑞𝑐𝑜𝑛𝑑                                                   (2- 15a) 
Rate of energy loss can be calculated by applying the following balance of 
energy at the tool face: 
ℎ𝑎𝐴𝑚(𝑇𝑚 − 𝑇∞) = −𝑘𝐴𝛻𝑇                               (2-15b)                         
Also according to the lumped-heat capacity analyses (Holman, 2002). 
𝐸𝑜𝑢𝑡 = − 𝐸𝑠𝑡                                                       (2-16a)     
ℎ𝑎𝐴𝑚(𝑇𝑚 − 𝑇∞) = −𝜌𝑡V𝑡𝑐𝑝𝑡
𝑑𝑇
𝑑𝑡
                             (2-16b) 
2.11 Prediction of transient heat transfer  
Transient heat transfer is the temperature variation of a heated domain due to 
changes in location and time until the establishment of steady state. Generally 
the unsteady physical state of the heated body, during heating, is the result of 
variation of the internal energy, material properties and surrounding boundary 
condition. So analysis of transient heat transfer must be adjusted to match the 
unsteady situation of the domain to achieve actual outputs (Holman, 2002). 
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Different analytical models have been obtained for analysing transient heat 
transfer in many cases of geometries and boundary conditions. Incropera et al. 
(2013) presented an analytical model to predict transient response of long 
cylinders, while the pipe wall is assumed as a plane wall. 
𝑇𝑏𝑜−𝑇∞
𝑇𝑏𝑖−𝑇∞
= 𝐶𝑒(−𝜉1
2𝐹𝑜)                          (2- 17) 
The coefficients 𝐶 and 𝜉1 are evaluated from tables according to the value of 
Biot number. The model is appropriate for the hollow cylinders with the following 
condition; otherwise the error will be large. So the cylinder must have:  
 High length/radius ratio.                              (𝐿 𝑟𝑜⁄ ) ≥ 10   
 Fourier number.                                    (𝐹𝑜 = ∝ 𝑡 𝐿𝑤
2⁄ ) > 0.2  
 Situations with Biot numbers  (𝐵𝑖 = ℎ𝐿𝑤 𝑘⁄ ) < 0.1 , which mean the 
solution not valid at short times. 
Yoo and Walczyk (2007) investigated the sealing issues of heating and cooling 
channels of injection moulds and based on the energy balance at the channel 
interface (Equation 2-15b) that involves conduction and convections they 
developed the following analytical model to analyse transient heat transfer of 
conformal channel heating.   
𝑇𝑚𝑡 =
𝑔3
𝑔2
+ (𝑇𝑚𝑖 −
𝑔3
𝑔2
) 𝑒−(𝑔2 𝑔1⁄ )𝑡                        (2- 18) 
When     𝑔1 = 𝜌𝑚2𝑙𝑚𝑊𝑚𝑐𝑝𝑚    ,   
                            𝑔2 =
ℎ𝜋𝐷𝑖
2
(
ℎ𝑎𝑙𝑚
𝑘𝑚
+ 1) + 2ℎ𝑎𝑊𝑚 
                          And       𝑔3 =
ℎ𝜋𝐷𝑖𝑇𝑏
2
+ (
ℎ𝑎𝑙𝑚ℎ𝜋𝐷𝑖
2𝑘𝑚
+ 2ℎ𝑎𝑊𝑚) 𝑇∞ 
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The model contains some aspects regarding application:   
 Calculation of thermal resistance of the mould. 
 The internal radius of the channel is applied instead of hydraulic diameter 
that is defined as follows. 
𝐷ℎ =
4𝐴𝑐
𝑃𝐶
                           (2- 19) 
 Instead of the whole mould thickness, only the distance between the channel 
and mould face, as shown in Figure 2-14, is applied in defining the mould 
volume per unit length as follows.  
𝑉𝑚 = 2𝑙𝑚𝑊𝑚                        (2- 20) 
 
    
 
 
 Figure 2-14 Mould section.   
Ding et al. (1999) and (2001) investigated the effect of flow rate on the thermal 
response of an oil-heated tool numerically and after experimental verification of 
the results, they derived the following analytical model for transient heat transfer 
in the fluid circulated heated tools.  
𝑇𝑚𝑡 = 𝑇𝑏𝑖 − [𝑇𝑏𝑖 − 𝑇𝑚𝑖]𝑒
−𝜓𝑡/𝜂             (2- 21) 
Where          𝜓 =
𝜋𝐷ℎ
2𝜌 𝑐𝑝
4V𝑡𝜌𝑡𝑐𝑝𝑡
(1 − 𝑒−𝛽𝐿𝑐) 𝑢     and      𝛽 =
4ℎ
𝑢𝜌𝐷ℎ 𝑐𝑝
 
 The model was based on consideration of equal temperature over the tool 
mould, adiabatic tool face (no heat loss over the tool face) and applying energy 
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balance at the interface between the flowing fluid and the channel depending on 
the analyses of lumped-heat capacity (amounts of energy convected by the bulk 
fluid motion or mass flow rate) and tool thermal mass (Equation 2-16b).  
2.12 General aspects of internal flow: 
When a fluid flows in a tube and the fluid contacts the internal surface of the 
tube, a boundary layer develops due the viscous forces with the flow progress 
(increase of x), as illustrated in Figure 2-15. Both the fluid velocity and fluid 
temperature has a special boundary layer profile that explains their gradients 
between the internal surface and centre of the tube. When the flow becomes 
fully developed, the velocity or temperature profile remains constant and no 
longer changes as the flow progress. 
 
 
 
 
 
Figure 2-15 Fluid flow boundary layer in tubes (Incropera & DeWitt, 1996) 
The distance between the inlet of tube and the position at which the flow 
becomes fully developed is known as hydrodynamic length (Daugherty, Franzini 
& Finnemore, 1989; Douglas, Gasiorek & Swaffield, 1995). Regarding the 
single-phase flow in the curved circular tubes Prusa and Yao (1982), as cited in 
Naphon and Wongwises (2006), investigated the effect curvature ratio of the 
flow path (radius of the tube bend/internal radius of the tube) on fully developed 
heat transfer and concluded that a secondary flow is generated in the curved 
Chapter 2. LITERATURE REVIEW 
 
67 
 
tube, which drastically reduces the mass flow rate and the total heat transfer 
rate due to higher curved tube and overheating conditions. Depending on the 
flow rate, the flow regime may be laminar, transient or turbulent. The flow profile 
of a layer in the fully developed region is parabolic for laminar flow, but it is 
somewhat blunter for turbulent (Incropera & DeWitt, 1996). 
Different dimensionless parameters, in the concept of internal flow, are 
predicted to facilitate the calculation and definition of the fluid flow and the heat 
transfer characteristics: 
 Reynolds number represents the ratio of the inertia force to the viscous or 
shear forces per unit mass as follows (Incropera & DeWitt, 1996):  
𝑅𝑒𝐷 =
𝐹𝐼
𝐹𝑠
=
𝜌𝑢𝐷ℎ
𝜇
=
𝑢𝐷ℎ
𝜐
                             (2- 22) 
The value of this parameter defines the fluid flow regime and fluid flow 
boundary layer as follows (Bell & Mueller, 1984).  
       When     𝑅𝑒𝐷 ≤ 2,300     Flow is Laminar, 
            2300 ≤ 𝑅𝑒𝐷 ≤ 4,000      Flow is transitional 
                   And        𝑅𝑒𝐷 > 4,000      Flow is fully turbulent. 
 Prandtl number equals the ratio of the fluid viscosity to its thermal diffusivity, 
as follows. 
𝑃𝑟 =
𝜐
∝
=
𝜇/𝜌
𝑘/𝜌𝑐𝑝
=
𝑐𝑝𝜇
𝑘
                                 (2- 23) 
 Nusselt number provides the ratio of total conductive heat to the convective 
heat between the flowing fluid and the tube surface. This dimensionless 
parameter can be used in determining the value of heat transfer coefficient 
of the flowing fluid and it can be calculated as follows (Cengel & Boles, 
2002). 
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 𝑁𝑢𝐷 =
ℎ𝐷ℎ
𝑘
                                   (2- 24) 
The Nusselt parameter is related to the exponential function of Reynolds 
and Prandtl numbers as follows.  
𝑁𝑢𝐷 = 𝐶𝑅𝑒𝐷
𝑚𝑃𝑟𝑛                               (2- 25) 
The previous equation illustrates dependence of convection heat transfer of a 
flowing fluid on the value of Reynolds number, Prandtl number and the 
expected products of their exponential functions. Analytic approach of 
calculating heat transfer coefficient may not coincide with the practical solutions 
to all flow situations because each particular geometry and flow condition has 
its own empirical correlation. For example, forced heat convection occurs when 
the fluid, unlike natural flow, is pumped into the tube. Therefore many 
correlations were developed to estimate the heat transfer coefficient in different 
situations. The most correct and correlated relation, as shown in Figure 2-16, 
for the forced turbulent flow in a smooth tube was developed by Dittus and 
Boelter (1930) as cited in Holman (2002)  
𝑁𝑢𝐷 = 0.023 𝑅𝑒𝐷
0.8𝑃𝑟𝑛                               (2- 26) 
                               When       𝑛 = {0.3    𝑓𝑜𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑
0.4    𝑓𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 
 
The equation is valid for the forced tube flow with following conditions (Ding, 
Chiu & Liu, 1999; Incropera et al., 2013): 
 Prandtl numbers                  160 ≥ 𝑃𝑟 ≥ 0.6 
 Reynolds number                 𝑅𝑒𝐷 ≥ 10,000 
 Length to diameter ratio     𝐿𝑐 𝐷ℎ⁄ ≥ 10 
  
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Figure 2-16 Typical data correlation for forced convection in smooth tube, 
turbulent flow within ±25% (Holman, 2002). 
The appropriate fluid properties are evaluated at the mean bulk temperature, 
Equation 2-12, of water that can be defined as follows (Holman, 2002; Incropera 
et al., 2013). The hydraulic diameter is commonly used when dealing with non-
circular pipes and can be calculated by the generic Equation 2-19 (Kays & 
Crawford, 1993). Nusselt and Reynolds numbers are calculated according to 
hydraulic diameter and yields satisfactory relations for fluid friction and heat 
transfer in many practical problems (Holman, 2002). Therefore the cross section 
form of the flow channel affects the magnitude of the pressure gradient, 
boundary layer profile of the fluid velocity and the hydrodynamic entrance 
region (the distance between the tubes inlet to the position at which fully 
developed condition is first encountered). 
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2.13 Natural heat transfer coefficient 
Heat transfer, in the free or natural (at atmospheric pressure) flow fluids, is 
generated by natural convection due to density variation and temperature 
gradients. For example the fluid near a hot surface receives heat becomes less 
dense and rises up, then cooler (or higher density) fluid moves to replace it. 
This makes a continuous natural motion in the fluid boundary layer at some 
distance from the leading edge of the surface, as shown in Figure 2-17a & b. 
So, the natural or free convection, through the free fluid boundary layer, is the 
result of the driving force of buoyancy that occurs due to the density decrement 
and gravity force.  
The flow regime in the boundary layer of free flow fluid, as shown in Figure       
2-17c, is not restricted to laminar and may change to turbulent due to 
hydrodynamic instabilities. This transition, of flow regime, correlates with 
Rayleigh number (free or natural convection number) that is based on 
characteristic length of the geometry (Incropera et al., 2013). Rayleigh number 
is a dimensionless parameter defined as the ratio of buoyancy and viscosity 
forces multiplied by the ratio of momentum and thermal diffusivities, as in the 
following relation (Incropera et al., 2013).  
𝑅𝑎𝐿 = (
𝑔𝛼(𝑇𝑎−𝑇∞)𝐿
3
𝜐2
. 𝑃𝑟) = 
𝑔𝛼(𝑇𝑎−𝑇∞)𝐿
3
𝜐∝
                                    (2- 27) 
 When        𝛼 =
1
𝑇𝐴
  for ideal gases 
Fluid properties are evaluated at the film temperature as follows (Incropera & 
DeWitt, 1996; Yoo & Walczyk, 2007). 
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(𝑐) 
𝑇𝑓𝑎 =
𝑇𝑚𝑚+𝑇∞
2
                                     (2- 28) 
Where        𝑇𝑚𝑚 =
𝑇𝑚+𝑇𝑚𝑖
2
  
 
  
Figure 2-17 Boundary layers of free convection on a heated vertical plate. 
 (a) Velocity boundary layer. (b) Thermal boundary layer. (c) Change of flow 
regime (Incropera et al., 2013) 
 
Incropera et al. (2013) summarised an empirical correlation suitable for 
determining the heat transfer coefficient in many engineering calculations.  
𝑁𝑢𝐿 =
ℎ𝐿
𝑘
= 𝐶 𝑅𝑎𝐿
𝑛                  (2- 29) 
Typically 𝑛  equals 1/4 and 1/3 for laminar and turbulent flows, respectively. 
Accordingly different simplified expressions are derived for finding heat transfer 
coefficient of free flow air convection on different hot surfaces e.g., vertical, 
horizontal, upward and downward plates as well as horizontal cylinders, as 
illustrated in Appendix C (Holman, 2002). The effective length that indicates 
better agreement with experimental results, as mentioned by Goldstein et al. 
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(1973), is the height for the vertical surface, but for the horizontal surface equals 
the area to perimeter ratio as follows.  
𝐿𝑜 =
𝐴
𝑃
                                 (2- 30) 
The simplified equations could be extended to the flows at higher or lower 
pressure by multiplying by the following factors. 
(
𝑝
101.32
)
1
2⁄
 For laminar flow   and     (
𝑝
101.32
)
2
3⁄
 for turbulent flow 
Heat transfer coefficient of forced air convection ranges between 10 to 200 
W/m2.K cannot be determined easily (Kreith & Black, 1980). Cunningham et al. 
(1997) presented that value of forced air convection coefficient, in most cases, 
is below 60 W/m2.K, while Liu and Lam cited in Ding et al. (2001) concluded 
that the value of 20 W/m2.K agreed well with the experimental results of forced-
air-convection in autoclave. Also Johnston (1997) and Slesinger (2009) 
deduced that heat transfer of pressurised air inside autoclaves at 7atm ranges 
between 80-180 W/m2.K, which varies significantly with location due to uneven 
gas circulation.  
2.14 Modelling and Simulation (M&S) 
Modelling and simulation are two different activities, which respectively imitate 
the system itself and its operation, but are mutually dependent and cannot be 
conducted individually. Therefore the terms of modelling and simulation are 
used as synonyms in defining the procedures (FrontlineSolvers, 2014). 
Simulation is widely used in analysing the behaviour of existing or proposed 
systems e.g. business activity, new product, manufacturing line or plant 
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expansion…etc. The simulation experiments are usually performed on a model 
of the real system instead of the system itself. Compared to the experimental 
tests, simulation tests can be achieved faster, cheaper and safer. Also it can 
provide information about how a system behaves or how the variables affect the 
system performance. Additionally sometimes the complexity of the process will 
not be easy to handle experimentally, e.g. the heat transfer processes in the 
curved and helical coiled tubes as mentioned by Naphon & Wongwises (2006).  
Successful simulation must be conducted as follows (Carson, 2005; Law, 2003; 
Maria, 1997). 
 Define the system problem that needs solution, after understanding the 
system and its performance. 
 Define the input variables or the decision variables that may affect the 
system problem and can be controlled by the program. 
 Define the values and constraints of the variables that can be controlled. 
 Define the desired response variables as a result of the simulation. 
  Define the real system data and information, that remain constant, to 
input into the simulation. 
 Develop a model for the real system to be studied. 
 Validate the model by comparing its performance with that of the real 
system. 
 Select simulation software to run the model. 
 Optimise the model by simulation tests to find the best possible solution to 
the problem. 
 Implement the optimised (best) results of simulation to the actual system. 
Computer modelling and analysis methods have become an everyday tool in 
the modern product design due to the following advantages: 
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 Facilitates analysis, predicting and innovation the design and behaviour 
of the proposed or existing assemblies. 
 Eliminates requirement for prototypes, physical tests and reduces 
development time scales and their prohibitive costs. 
 Motivates simulation, optimizing and innovation of the engineering 
designs. 
 Solves the problems of intractable scale of size, complexity and security 
issues and lack of prototypes.  
The powerful program of  ANSYS is a multi-purpose analysis tool and capable 
of simulating problems in wide variety of engineering disciplines correctly and 
efficiently, after considering the problem type, time dependence, nonlinearity as 
well as modelling idealisations and simplifications (Lawrence, 2011; Madenci & 
Guven, 2015). The program was developed by Swanson Analysis Systems, at 
beginning in the early eighties, and is now used to perform advanced coupled-
physics numerical simulations to solve complex engineering problems. ANSYS 
software now covers a wide range of engineering fields, such as, structural 
mechanics, fluid dynamics, heat transfer, electrical, magnetism, piezoelectricity 
and etc. (Müller, 2002). A typical ANSYS analysis has three distinct steps of 
modelling, pre-processing (apply loads and obtain solution) and post-processing 
(review results). 
 ANSYS fluid flow CFX has ability of simulation and modelling of 2D and 3D 
transient diffusion, heat transfer and forced convection combined with fluid flow 
and achieves effective and accurate numerical analysis. Also ANSYS static 
structural can be applied in analysing the effect of thermal loads in 3D 
structures and predicting the resulted thermal deformation, strains and stresses 
(ANSYS, 2009).  
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Meshing is one of the main steps of numerical analysis in which the domain to 
be analysed is divided into a number of small regions and its quality or 
sensitivity can be checked by the program itself (Morton, 1996). The governing 
or partial differential equations (PDE) that describe the mathematical model of 
the physical reliabilities (actual system) can be solved by various numerical 
solution methods of finite differential (FDM), finite element (FEM) and finite 
volume (FVM). Both the FEM and FVM being applied for computational fluid 
dynamics (CFD), but the latter is increasingly used in recent years due to 
special advantages in its formulation (Peir´o & Sherwin, 2005).  
The domain in FVM is divided into boxes with finite volume (FV) that refers to 
the volume surrounding each node point. Nodal connectivity is not mandatory in 
FVM, but face connectivity is important because FV solution converts volume 
integrals to surface integrals, using the divergence theorem (Davis, 2008; 
Versteeg & Malalasekera, 2007). The numerical solution of FVM is powerful on 
coarser and non-uniform grids or when the mesh moves and provides accurate 
results with lower computation time (Fallah et al., 2000). FVM is rigorous in 
mass and energy conservation due to its dependence on integration to accord a 
more fundamental interpretation of mass or energy flux between interfaces 
(Grossmann, Roos & Stynes, 2007).   
 The centre of each region in FV, as shown in Figure 2-18, is assigned as a 
reference point to the entire region, which is called nodal point or node. Each 
region is described by nodal network, grid or mesh. Hence the nodal points are 
designed by a numbering scheme according to the dimensional system, for 
instance,  x, y  and  z  their locations are designated by m, n  and  c  indices 
respectively. 
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Figure 2-18 Grid generation (meshing) (Versteeg & Malalasekera, 2007) 
Through computer M&S, a mathematical model of the real system, expressed 
by formulas and programming statements, is applied to relate between the 
inputs and outputs. Nowadays almost all phenomena in science and 
engineering are described in terms of partial differential equations (PDE), which 
are called conservation or governing equations (Nikishkov, 2004; Reddy, 2005). 
The numerical methods obtain approximate solutions by reducing the PDEs to 
simultaneous linear algebraic equations that can be solved numerically as 
mentioned by Stolarski et al. (2006). For example the governing equation of un-
steady heat conduction, in one dimensional control volume as illustrated in 
Figure 2-19, is expressed by Versteeg & Malalasekera (2007): 
𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) + 𝑆                                         (2- 31) 
Where 𝑆 is a constant 
 Time step, in the simulation process, must be selected carefully according to 
the selected mesh size and the material properties. According to the time 
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marching procedure, the computer starts with a given initial temperature to 
solve the equation after selecting a time step then the next solution assigns 
current solution to an initial state and the procedure is repeated.  
 
 
 
Figure 2-19 One dimensional control volume (Versteeg & Malalasekera, 2007). 
 
Time step must be suitable with the natural increment of the procedure. For 
instance in transient calculation, as in this PhD research, the time step size 
should be the smaller of the convection and thermal diffusion timescales. The 
value of the convection time scale is obtained as follows, assuming a ratio of 
pipe length to its diameter.  
Convective time scale =
𝑅𝑖𝐷ℎ
𝑢
                                       (2- 32) 
If the flow is turbulent, the thermal time scale is  
Thermal diffusion time scale  =
𝐷ℎ
2
100(𝑘 𝜌𝑐𝑝)⁄
                                (2- 33) 
2.15 Verification and validation 
The scientific problems and equations can be solved analytically, experimentally 
and numerically. Selecting the appropriate technique is function of the 
complexity and cost of the solution. Due to the improvements in computational 
systems (e.g. cost reduction and speed increases), nowadays, the numerical 
software is extensively used in solving complex problems with nonlinear 
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behaviours that are impossible to solve analytically or has expensive 
experimental solution (Jauregui & Silva, 2011). If a numerical method is applied, 
it is necessary to validate its approximate results to assign the real boundary 
conditions during simulation (Pace, 2004; Sargent, 2013). Many methods 
available to affirm that the result of a numerical solution is fully consistent with 
the reality (Oberkampf, Trucano & Hirsch, 2004). For example comparing the 
numerical results to that of a valid analytic model or experimentally after setting 
the actual boundary and internal (material properties) conditions during the 
simulation method (Archambeault & Connor, 2008; MITRE, 2014). 
2.16 Summery 
The literature reviewed in this chapter shows that: 
 Composite materials, compared to metals, have lower thermal 
conductivity, but can provide lower density and CTE. 
 Water, compared to other fluids, is suitable for clean room processing 
and superior in achieving the desired temperature uniformly over the 
mould face with lower cost, time and consumed energy. 
 Simulation methods solve the complex governing equations by iteration 
and provide approximate results; therefore verification is necessary to 
define the errors involved and ensure the boundary conditions and 
material properties. 
 The traditional method of autoclave curing has various disadvantages of 
cost, time and energy consumption. Integrally heated tools, especially 
fluid-heated, have the potential to overcome most of these problems.  
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 Although heated tool can cure advanced composites outside the 
autoclave faster, cheaper and overcome the problem of size limitation, 
the quality of the produced or the cured parts are still below that 
produced in the autoclave.  
 Many researchers and designers have studied the effect of tool material, 
flow rate, heating medium, tool geometry, and channel separation, but 
this research has been mainly for metallic tools in the field of plastic 
injection manufacturing. 
 No comprehensive investigations to study the effect of channel profile, 
channel layout and channel separation on the performance of integrally 
fluid circulation heated tools made of composites has been made. 
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3.1 Introduction  
Scientific problems can be presented by the analytic, experimental or numerical 
techniques and selecting the proper method depends on the complexity of the 
problem and its solution cost. For instance the experimental method cannot be 
performed every time due to the constraints of cost, time and complexity, while 
analytic or closed form solutions are impossible or time consuming in the cases 
of nonlinear and complex problems. Most systems possess complex 
functionality due to the complexity of their geometry, boundary and loading 
conditions that are difficult to analyse. The integrally water heated tool in this 
PhD study combines the fluid flow, heat conduction and convection as well as 
geometry factors. Furthermore the governing equations of the complex systems 
or problems are functions of several parameters and they have non-linear 
characteristics that require advanced functional analysis. Therefore numerical 
solver will be the only choice, especially when the case is: 
 A complicated equation has more than just one solution. 
  A special type, called “data fitting” (“solving the equation system with 
more equations than there are unknowns”, and when the fitted data are 
uncertain), that need to switch to solve a different problem, closely 
related to the original system of equation.  
Since the late seventies, when the first ANSYS seminar was held at KWU in 
Berlin and then large number of simulations in the design process was 
performed, the numerical methods that can be performed quickly by computers 
changed everything in research (Müller, 2002). Nowadays numerical software is 
used extensively to solve many complex problems with nonlinear behaviours 
that are impossible to solve analytically or has expensive experimental solution. 
Chapter 3. THERMAL ANALYSIS AND VERIFICATION 
84 
 
Numerical methods solve phenomena (e.g. flow) that are described partially or 
integrally by differential equations cannot be solved analytically and illustrate 
the effect of parameters in graphs and tables. On the other hand, numerical 
methods give approximate (not exact) solutions because they calculate the 
required answers by iteration and performing thousands of repetitive 
calculations that losses some of accuracy and gives the final results with some 
error. For obtaining good approximated results under certain circumstances, the 
selected numerical approach must have the following characteristics (Arnold, 
2015; Iaccarino, 2009): 
 Stability, which means that the generated numerical errors should be 
minimised during solution of the discretized equations. 
 Convergence that means the numerical solution should approach the 
exact solution of the PDE and converge to it, when the mesh size tends 
to zero. 
 Consistency, this means that the discretization of a PDE should become 
exact as the truncation error should vanish, when the mesh size tends to 
zero. 
 Conservative means the underlying conservation laws should be 
respected at the discrete level, e.g. artificial sources and sinks are to be 
avoided). 
  Boundedness that means that some quantities, like density, 
temperature, concentration…etc., should remain positive and free of 
spurious wiggles. 
 When a numerical method is applied, the approximate results must be 
validated to assign the real boundary condition during simulation. The analytic 
method, or closed solution, is the simplification of reality that works only for 
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simple models and illustrates the effect of parameters in a restricted way and 
cannot solve all problems, however it gives an exact solution and its results are 
straight forward in understanding the behaviour, mechanism or physics of the 
systems under any circumstances (effect of parameters). Accordingly the 
analytic method provides a good insight in phenomena under question and can 
be applied in validating or verifying the numerical method analytically. 
While this PhD study aims to investigate the heating performance of an 
integrally water-heated tool numerically, in this chapter  a simplified tool model 
is designed initially and its heating performance is analysed numerically (by 
ANSYS CFX software) and analytically. This is to validate the suitability of the 
numerical approach in terms of assigning the correct material properties and 
boundary conditions. Two different analytic models that calculate the one 
dimensional (1D) transient heat transfer between water and the proposed model 
surface are applied for further validation. The response variables are 
considered to be the transient surface temperature and the required heating 
time (or heating rate) to reach the steady state. The simulation is performed 
with lower running time and PC memory size by selecting;  
 The maximum mesh size (element number) with acceptable mesh quality 
and time step size that gives accurate results. 
  The two dimensions (2D) method, compared to three dimensions (3D), 
for simulation. 
  The average method facility, compared to the expression, for setting the 
nonlinear properties of water during simulation. 
3.2 Simplified square tool model 
A simplified model of a square tool is proposed according to those published by 
each of Ding et al.(2001), Yoo & Walczyk (2007) and (2009). The model, as 
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shown in Figure 3-1, is an aluminium mould in which a copper tube is 
embedded as a heating channel and hot water flows through it. Two cases are 
also proposed for the model, which are defined as “insulated” and “non-
insulated”, during this PhD study. All the model faces, except the top, of the 
first case are considered to be insulated by a thick layer of glass fibre heled in a 
box of hardwood, while they remain not insulted in the second case. 
  
Figure 3-1 Cross section of the simplified tool model geometry (see Table 3-1) 
 The top surface is considered to be open to ambient in both cases, but the side 
and the bottom faces are assumed to be non-adiabatic in the insulated case and 
adiabatic in the non-insulated case. Table 3-1 illustrates the main dimensions of 
the proposed model. 
Table 3-1Dimensions of the square and cylindrical models (see Figure3-1) 
Dimensions of the model Symbol Unit Amount 
Channel length 𝐿𝑐 
𝑚 
1 
Internal channel diameter 𝐷𝑖 & 𝐷ℎ 0.008 
External channel diameter 𝐷𝑜 0.01 
Mould Width 𝑊𝑚 0.09 
Glass fibre insulation width 𝑊𝑔 0.104 
Wood ply width 𝑊𝑤 0.13 
Glass fibre insulation side width 𝑊𝑔𝑠 0.097 
Wood ply side width 𝑊𝑤𝑠 0.11 
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3.3 Boundary conditions 
The fluid velocity is assumed to be 1 m/s to produce fully turbulent flow in the 
smooth copper channel  that heats the mould faster as concluded by Ding et al. 
(1999). The proposed temperatures of the model and its boundaries are 
presented in Table 3-2. 
 Table 3-2 Proposed boundary temperatures 
 
 
3.4  Material properties 
The thermal properties of the model materials, as illustrated in Table 3-3, are 
collected from literature and assumed to be constant because of their relatively 
small variation with temperature (Davis, 2001; Incropera et al., 2013). 
Table 3-3 Thermal properties of the model materials (Davis, 2001; Incropera et 
al., 2013). 
Properties 
 (at 25°C) 
Units 
Materials  
Aluminium Copper Glass Fibre Plywood 
𝑘 W/m.K 237 401 0.046 0.12 
𝜌 kg/m3 2702 8933 16 545 
𝑐𝑝 J/kg.K 903 385 835 1215 
∝= 𝑘/𝜌𝑐𝑝 m
2/s 97.1x10
-6
 117 x10
-6
 3.44 x10
-6
 0.18 x10
-6
 
 A perfect contact is assumed between the adjacent solid materials, therefore 
no heat transfer resistance is assumed at their interfaces. According to basic 
properties of water (Appendix D), the values of both the dimensionless 
parameters of Reynolds and Prandtl numbers are calculated by the Equations 
2-22 and 2-23, respectively. While the water bulk temperature is 57.5ᵒC 
according to Equation 2-12 and the corresponding Reynold’s number is higher 
Temperature type Symbol 
Value 
°C K 
Ambient,  mould Initial  &Water outlet  𝑇∞, 𝑇𝑚𝑖& 𝑇𝑏𝑜  25 298 
Water inlet & mould final 𝑇𝑏𝑖, 𝑇𝑚 90 363 
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than 104, the calculated heat transfer coefficient of water equals 6848 W/m2.K 
according to the following equation. 
ℎ = 0.023 𝑅𝑒𝐷
0.8𝑃𝑟0.4
𝑘
𝐷ℎ
         (3- 1) 
The basic properties of water, e.g. thermal conductivity, dynamic viscosity, 
specific heat capacity and density, as shown in Figure 3-2 and Figure 3-3, 
change widely with temperature.  
 
Figure 3-2 Effect of temperature change on the thermal conductivity and 
dynamic viscosity of water 
 
 
 
Figure 3-3 Effect of temperature change on the specific heat and density of 
water 
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Accordingly the Prandtl number (Figure 3-4), opposite to the heat transfer 
coefficient and Reynolds number (Figure 3-5), changes reversely with 
temperature. The polynomial fit is applied to define the equation of each 
property (property behaviour with temperature change) that is utilized during 
simulation. 
 
Figure 3-4  Effect of temperature variance on Prandtl No. of water. 𝑢 =1m/s 
 
 
Figure 3-5 Effect of temperature variance on both the Reynold’s number and 
heat transfer coefficient of water, when 𝑢 = 1 m/s and 𝐷ℎ= 0.008 mm. 
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The air film temperature of 41ᵒC is calculated by Equation 2-28, after defining 
the temperatures of ambient and corresponding mould mean that equals 
57.5ᵒC. Consequently the required air properties, as listed in Table 3-4, are 
defined from that presented by Holman (2002). 
Table 3-4 Properties of air at 41ᵒC and atmospheric pressure (Holman, 2002). 
Density 
Specific 
Heat 
Thermal 
Conductivity 
Expansion 
Coefficient 
Thermal 
Diffusivity 
Kinematic 
viscosity 
Prandtl 
No. 
Rayleigh 
No. 
𝜌  𝑐𝑝 𝑘 𝛼 ∝ 𝜐 𝑃𝑟 𝑅𝑎𝐿 
kg/m3 J/kg.K W/m. K 1/K m2/s m2/s - - 
1.127 1005 2.7x10
-2
 3.2x10
-3
 2.4x10
-2
 1.7x10
-5
 7x10
-4
 5x10
6
 
 
The boundary condition of the air surrounding the external faces of the square 
model is assumed to be free convection. The value of its Rayleigh number that 
calculated by Equation 2-27 is higher than 104, so the following equations are 
selected from Appendix C for calculating the values of heat transfer coefficient 
at different faces of the model, as listed in Table 3-5.  
Top surface                      ℎ𝑡 = 1.32 (
𝑇𝑚𝑚−𝑇∞
𝐿𝑜
)
0.25
                (3- 2) 
Bottom surface                  ℎ𝑏 = 0.59 (
𝑇𝑚𝑚−𝑇∞
𝐿𝑜
)
0.25
               (3- 3) 
Side surfaces                     ℎ𝑠 = 1.42 (
𝑇𝑚𝑚−𝑇∞
𝐿𝑠
)
0.25
               (3- 4) 
As illustrated in Section 2.13, the effective length for the vertical surface is its 
height, but for the horizontal surface is calculated by Equation 2-30.  
Table 3-5 Heat transfer coefficient over the external surfaces of the tool  
Model Surface Symbol 
Length Heat Transfer Coefficient 
m W/m2K 
Top ℎ𝑡 41 X 10
-3 6.4 
bottom ℎ𝑏 58 X 10
-3 2.6 
Side ℎ𝑠 11 X 10
-2 5.4 
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3.5 Numerical simulation 
The CFX code of ANSYS software is the FVM used to foresee the conjugate 
heat transfer and fluid flow in the proposed simplified square model by 2D and 
3D simulations. Typical ANSYS analysis has three distinct steps of building the 
model, obtaining the solution (after applying loads and boundary conditions) 
and reviewing the results. 
3.5.1 Model geometry  
The geometry of the proposed model shown in Figure 3-6 is created in ANSYS 
workbench according to the proposed dimensions.  
 
Figure 3-6 Geometry of the square model in ANSYS workbench (for 
dimensions see Figure 3-1) 
3.5.2 Meshing 
The meshing process divides the model geometry into a high number of small 
elements as shown in Figure 3-7. Inflation method is selected for meshing near 
the solid wall region of the water domain in order to create fine mesh and 
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ensure accurate simulation of the flow field. That is because the fluid near the 
solid wall, compared to the flow regions further from the wall, slows down by 
friction and becomes stationary.  
The distance between the stationary and the free flowing fluid is very small, 
therefore this steep velocity gradient boundary layer region needs lots of 
elements (Marriott & Jayaratne, 2010). The y-plus (y+) law, in CFD, describes 
thickness of the first inflation layer as follows (ANSYS, 2009).  
𝑦 =
 𝑦+𝜇 𝑅𝑒𝐿
0.4
0.1703 𝜌𝑢
                               (3- 5) 
For            𝑅𝑒𝐿 < 10
9     and      𝑅𝑒𝐿 =
𝜌𝑢𝐿𝑐
𝜇
 
y+ is a dimensionless parameter that determines how coarse or fine the mesh 
should be in a particular flow and the most desirable value of y+ is 1 for the 
eddy-viscosity model of shear stress transport (SST) (Gerasimov, 2006). The 
incremental ratio for the remaining layers must be between 1.1 and 1.4. Then 
the number of inflation layers can be calculated from the wall spacing distance 
(thickness of the first inflation layer) and the incremental ratio, provided that the 
total thickness of all layers together does not exceed the height of the 
neighbour grid in the domain or the mesh size.  
While each part of the model is meshed separately, the general grid Interface 
(GGI) method is set at the interfaces for mesh connection because it facilitates 
the connection of the surfaces where the grids do not match and permits non-
matching of node location (ANSYS, 2009).  
Although the accuracy improves as the mesh size approaches zero, the 
element numbers, CPU memory requirements and computation time for solution 
and post processing the results increase as well, especially for nonlinear and 
transient analysis that have typical multiple-iteration runs. Consequently 
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acceptable solution accuracy and much faster running time are function of a 
good mesh that provides complete convergence between the elements of the 
dissimilar parts and has a minimum number of elements. The proper largest 
grid size, which obtains lower number of element and computation time with 
acceptable results, is defined as follows. 
Figure 3-7 Meshing the model domains 
 
 Various preliminary tests are achieved with random mesh sizes (or 
element numbers) to define the approximate extremes that could be run 
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and results concluded 559,225 and 126,221elements as the highest and 
lowest limits, respectively. 
 Five cases of the proposed model, as shown in Figure 3-8, are meshed 
with different element numbers within the limits defined initially and the 
cases are simulated with the same time step of 0.1s. 
 Mesh quality is evaluated through the available mesh metric function of 
the software and obtained that orthogonal quality of the cells are close to 
1, cell skewness values are below 0.9, while the sudden and large 
changes in cell aspect ratios is avoided to achieve best aspect ratios.  
 The heating curve of a specified point on the surface of each case, from 
the simulation result, is defined and plotted together in Figure 3-8. 
 Accordingly the proper element numbers of 250,624 and related mesh 
size, which can give acceptable results and reduce 68% of running time, 
is selected.  
 
 
Figure 3-8 Heating curve of the model face with different element number, time 
step is 0.1 s.  
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3.5.3 Time step (time scale) 
Time step is a basic factor that can affects the running speed and the outputs 
accuracy of the simulation process. The time step size of transient calculation 
should be the smaller of the convection and thermal diffusion timescales 
(ANSYS, 2009). Therefore the convection time scale of 0.1s is obtained by 
Equation 2-32, after assuming the ratio of 102 for the pipe length to diameter. 
Also the thermal time scale of 4.5 s is defined according to Equation 2-33 for 
turbulent flow. Consequently the smaller time scale of 0.1 s is selected. Hence 
various tests were conducted with different time step sizes up to 2 s, as shown 
in Figure 3-9, which concluded that 1 s can achieve the same results of 0.1s 
and reduce 72% of the computation time.  
   
Figure 3-9 Heating curve of the model face with different Time step sizes and 
constant grid sizes   
3.5.4 Boundary condition 
The proposed material properties and boundary conditions (temperature, fluid 
velocity and heat transfer coefficients) are applied to the domains and their 
boundaries (inlet, outlet and interfaces) according to their availability and 
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simulation type (2D and 3D). Generally the heat transfer coefficients of air, as 
listed in Table 3-5, are applied to the corresponding non-adiabatic surfaces of 
the model. 
3.5.4.1 Boundary condition in 3D simulation 
The 3D simulation contains water domain that has inlet and outlet boundaries. 
Properties of water are set through two facilities provided in ANSYS CFX 
software. The first is achieved by setting the expressions that describe the 
property behaviours of water with temperature change (Figures 3-2 and 3-3), 
while the second sets the average value of each property, calculated at the bulk 
temperature of water, as listed and highlighted in Appendix D.  
The axial fluid velocity in the z-direction of inlet boundary is set to 1 m/s and the 
others are set to zero because the flow is enclosed. The shear stress transport 
(SST) model is selected for solving the heat transfer model within the water bulk 
because SST can compromise between both the k-ε and k- ω models in the 
turbulent free stream and the laminar flow close to the wall (Menter et al., 2003).  
Value of the turbulence intensity (the average of the velocity at the same 
location over the same time period) is set to 5% at the inlet boundary because 
the flow in water domain is fully turbulent (𝑅𝑒 > 4000). Medium-turbulence case 
is also considered during setting because the flow inside the tube is not so 
complex and turbulent velocity fluctuations at a particular location are not very 
high (Li et al., 1994).  
A pressure drop of 0.05 bars is calculated for the flow in channel domain by the 
following expressions (Incropera et al., 2013). 
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∆𝑝 =
𝜌𝑢2𝐿𝑐
2𝐷ℎ(0.79 𝑙𝑛 𝑅𝑒𝐷−1.64)2
                   (3- 6) 
Accordingly the amount of pressure at outlet boundary is set to 4.45 bars, while 
the pressure of the available pump, that pumps water into the channel at the 
inlet boundary, equals 4.5 bars. 
3.5.4.2 Boundary condition in 2D simulation 
 
The water domain does not exist in 2D simulation. Therefore the wet peripheral 
area of the channel (tube interface), which contacts the flowing water at a 
constant temperature of 90°C, is set instead as a convection boundary and the 
water heat transfer coefficient, at the calculated water bulk temperature 
(Appendix D), is applied. 
3.6 Analytic models 
Simplified analytic or closed form solutions can provide the behaviour of the 
model, so it can be considered as a perfect base for verifying the simulation 
results and assigning the applied boundary conditions. Based on literature, two 
analytical models are utilised for calculating the one dimensional (1D) heat 
transfer in the proposed tool model to compare with that obtained numerically 
by ANSYS CFX.  
3.6.1 Analytic model 1 
This model is an amended version of that concluded by Yoo and Walczyk 
(2007) that contains some aspects regarding application, as illustrated in 
Section 2.11. The amendments are performed to make the model, in this PhD 
Chapter 3. THERMAL ANALYSIS AND VERIFICATION 
98 
 
study, most effective in obtaining more accurate and real results. Appendix E 
illustrates the derivation details of the revised version with performing the 
following modifications.  
 The total mould volume is defined according to Equation E-13. 
 The hydraulic diameter (Equation 2-19) is applied instead of the internal 
radius of the channel. 
 The thermal resistance of the model parts (channel, mould and insulation 
layers of glass fibre and plywood) are calculated by applying the 
conduction shape factors (cases 6 and 11 of Appendix F) in Equations E-
15, 16 and, 20, 21, respectively. 
 The thermal resistance of the non-insulated top face is considered as a 
quarter of the total mould resistance, therefore the total resistance is 
multiplied by 4 in Equation E-14, while resistance of the other three 
insulated faces are considered as three quarters of the total resistance,  
so the total resistance is multiplied by 4/3 in Equation E-19.  
 The final mathematical model for defining the transient temperature, at 
mould surface, is Equations E-33.  
 A new expression is defined for determining the transient temperature at 
the external insulated surfaces as follows: 
𝑇𝑤𝑡 = 𝑀𝑇𝑚𝑡 + 𝑀1𝑇∞                                     (3- 7) 
While 𝑀 and 𝑀1 are ratios of heat transfer resistances of the model domains. 
3.6.2  Analytic model 2 
This model, as illustrated in Section 2.11, is derived by Ding et al. (2001) and 
can be used for describing transient heat transfer with turbulent flow. 
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3.7 Discussion 
 Table 3-6 lists the details of the eight tests that are conducted numerically and 
analytically for describing the transient temperature over the surfaces (top, side 
and bottom) of the proposed model. The both versions of the first analytical 
method (basic and revised), as mentioned in Section 3.6.1, are applied for 
comparison. 
 Table 3-6 Summery of the numerical and analytical tests 
 
 
 
 
 Figure 3-10 illustrates results of the 2D and 3D simulations of transient heat 
transfer at each of the top, side and bottom faces of the insulated non-adiabatic 
(i.e. transfer of temperature is not constant) model with the both methods of 
expression and average for defining the water properties.  
 
Figure 3-10 Numerical heating curves of all model faces, different definition of 
water properties, insulated non-adiabatic (tests number 1, 2 and 3) 
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The numerical outputs of heating rate for the first three test cases (testes 
number 1, 2 and 3) are 7.2, 7.1 and 7ᵒC/min, respectively. The maximum 
difference of 2.7%, between the heating rates, indicates that the results are well 
agreed, but their computation times are 5.49, 3.10 and 0.57 hours, respectively, 
therefore the last case (2D simulation method with average water properties) is 
considered the appropriate method because it obtains the same result (transient 
temperatures over the top, side and bottom faces) in a shorter computation 
time. The 2D numerical method and both the first (before and after revision) and 
the second analytical models (tests number 5, 6, 7 and 8) are applied in 
defining the transient heat transfer over the top face of the model and results 
are plotted together in Figure 3-11.  
 
Figure 3-11  Analytical and numerical heating curves of the top face, non-
insulated adiabatic model (tests number 5, 6, 7 and 8) 
The calculated heating rates, according to achieved results, are 4.6, 7, 7.2 and 
7.2ᵒC/min, respectively. The maximum difference of 2.7%, between the heating 
rates, presents the well agreement between the numerical and analytical 
calculations except that of the first analytic before modification (test 5) due to 
aspects illustrated previously in section 2.11. This illustrates that the revised 
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version of the first analytic method, compared to the basic, is more accurate in 
predicting the model behaviour under the proposed boundary conditions. Figure 
3-12 illustrates heating curves of the side and bottom faces of the insulated 
non-adiabatic case obtained by each of the 2D simulation and the first revised 
analysis methods (tests number 3 and 4).  
 
Figure 3-12 Analytical and numerical heating curves of the side and bottom 
faces, insulated non-adiabatic model (tests number 3 and4) 
It shows that the final steady state temperature at the insulated surfaces of both 
the analytic and numerical methods are the same, however the insulated 
surfaces in the analytic methods, compared to the numerical, are heated more 
rapidly. That is because the analytic method combines the parallel or series 
thermal resistances of the model parts, as illustrated in Appendix E, and treats 
them as an element during calculation. So it can be concluded that the analytic 
method, opposite to simulation, ignores the effect of material difference during 
calculation because the numerical method splits the model into thousands of 
very fine elements, as shown in Figure 3-7, and the software can calculates 
simultaneous spatial and time temperature of the model. Therefore the 
numerical results present the most accurate and actual heating behaviour of the 
insulated surfaces. 
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3.8 Conclusion  
Numerical analysis, especially ANSYS software, can perform advanced 
engineering analysis quickly, safely and practically by variety of contact 
algorithms, time based loading feature and nonlinear material models. 
Depending on iteration, simulation method provides approximate results of the 
complex governing equations that describe the nonlinear behaviour of the 
systems and have more than one variable. Therefore numerical results require 
validation of assigning of the real boundary conditions during simulation. A 
simplified representative tool model, in the current chapter, is proposed and 
analysed numerically using ANSYS CFX software to define the transient 
heating behaviour at the model top and side surfaces. Then two analytical 
models are applied to analyse the model and to verify the numerical results 
analytically. The well agreed analytical and numerical results proved that: 
 The modified version of the first analytic method predicts the most actual 
results. 
  2D simulation, compared to 3D simulation, provides the desired results 
accurately in a lower computation time. 
  The analytic results confirm the good performance of ANSYS simulation 
in assigning the proposed boundary conditions and predicting the real 
characteristic behaviours of the proposed model 
 
Chapter 4. DESIGN ANALYSIS AND OPTIMISATION 
 
 
Chapter 4  
Design Analysis and Optimisation  
 
Chapter 4. DESIGN ANALYSIS AND OPTIMISATION 
 
105 
 
4.1 Introduction 
Almost the entire chapter is published in an article in the journal of Materials 
and Design, available online since 1 August 2014 and also a conference paper 
presented in ECCM16, 22-26 June 2014. All types of fibre-reinforced composite 
products require accurate and robust tooling because the performance of the 
tool determines the integrity of the manufactured part. Tooling not only provides 
a reproducible geometry, it also provides consolidation which influences the 
mechanical and physical properties of the product and helps the transfer of heat 
into the polymer matrix. Throughout the last two decades, composite 
manufacturers have given high priority to cost reduction and increased energy 
efficiency in composite manufacturing (Gibbons et al., 2009).  In advanced 
composites, this requires alternatives to autoclave processing of prepregs 
(Athanasopoulos et al., 2013; Grove et al., 2005; Plesu et al., 1994).  Also the 
increasing demands of producing increasingly large composite products as a 
single piece cannot be fulfilled using traditional manufacturing methods as 
larger tools are required (Jiang, Zhang & Wang, 2002). A variety of technologies 
known as ‘Out of Autoclave’ (OoA) processes includes novel approaches to 
heating of tooling, liquid composite moulding (e.g. resin infusion) and prepregs 
which can produce satisfactory fibre content without autoclave pressure 
(Coenen et al., 2005; Gardiner, 2011; Roover, 2011; Sherwin, 1999; Zhang, 
Guo & Fox, 2009).  
In integrally-heated tools, the heating element and the tool are combined in-
mould or on-mould (Marsh, 2003). This approach transfers the required heat 
through the mould and across its surface to cure the composite faster than 
traditional methods. A number of such heated tools are commercially available 
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and are suitable for closed mould processes such as compression moulding, 
resin transfer mould (RTM) and its variations (Mason, 2006; Mazumdar, 2001). 
However, there have been few systematic studies of heated tooling for 
thermoset composites. This PhD study has been carried out with the aim of 
improving the heating performance of integrally water-heated composite tooling, 
suitable for moulding a variety of composites with low temperature moulding 
(LTM) liquid resin or prepregs. Three design factors are selected and nine 
design combinations have been identified according to Taghuchi’s orthogonal 
array. Numerical simulation of transient heat transfer has been carried out for 
each of the proposed nine designs of the integrally-heated tool. Then the 
statistical approach of S/N ratio has been applied to allow the control of the 
response variables and identify their optimal parametric combination. Analysis 
of variance has been applied to investigate the effect of design parameters on 
the response strategies of heating time per unit mass and on the maximum 
temperature variation over the tool surface, to identify the most critical 
performance parameters.  
4.2 Basic principles 
Various variables are considered for improving the heating performance of 
integrally-heated tools as shown in the Fishbone diagram of Figure 4-1. In this 
PhD study three parameters channel distance, channel profile and channel 
layout are chosen as design factors. The factors have not been considered in 
previous studies and are expected to be significant in obtaining optimal design 
of a tool that can achieve most uniform temperature at the minimum heating 
time. The desired operating temperature of the mould has been chosen as 
90oC, as a typical processing temperature of a low temperature moulding (LTM) 
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prepreg (ACG-Staff, 2007; Gardiner, 2011). In order to compare heating times 
between different designs, an arbitrary target temperature of 81oC has been 
used, to avoid uncertainties as the operating temperature is approached 
asymptotically. 
 
 
 
 
 
 
 
Figure 4-1 Fishbone diagram of the effective factors 
 Different designs are proposed for the model tool which comprises five parts: 
tool face, mould, channel, insulation and back face, using a variety of different 
materials, Figure 4-2.  The tool face made from a square composite laminate of 
carbon fibre reinforced polymer (CFRP), due to its reasonable thermal 
conductivity, low coefficients of thermal expansion (CTE) and high strength 
(Campbell, 2004).  
 
 
 
 
 
              
      Figure 4- 2 Architecture of the experimental test tool  
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The copper channel is embedded in the mould, under the tool face, in a mixture 
of aluminium nitride (AlN) and epoxy resin, which has a good heat conductivity 
(Konzelmann et al., 2008). The mould is backed with an insulation material, e.g. 
PVC foam and a skin of CFRP laminate for strengthening and protecting the 
foam. Table 4-1 illustrates the main thermal and mechanical properties of the 
materials used.  
Table 4-1 Properties of the proposed tool materials 
1.(Holman, 2002), 2. (Davis, 2001), 3.(MatWeb, 2014), 4. (Athanasopoulos et al., 2013; Khairul & Anghelescu, 2009; 
Performance Composites Ltd) and 5. (Konzelmann et al., 2008; Nagai & Lai, 1997; Xu & Chung, 2000; Zhu et al., 2013) 
4.3 Limitations of current tool 
Certain structural design constraints were imposed on the tool model; these 
were: 
4.3.1 Tool strength 
The thickness of the tool face and the combined height of the tool surface and 
the mould (Figure 4-3) must be as small as possible to provide lowest heat 
transfer resistance, while large enough to provide sufficient tool strength to 
resist the applied moulding pressure.  
Properties Units 
Materials 
Water
1
    
@ 90°C 
Copper
2 PVC 
 foam
3
 
CFRP
4  
0ᵒ/90ᵒ 
AlN/ 
epoxy
5
 
T
h
e
rm
a
l 
 
𝑽𝒇 % - - - 50 68.5 
µ 𝐾𝑔/𝑚. 𝑠 3.1×10-4 - - - - 
k 𝑊/𝑚. 𝐾 0.677 401 0.04 
4.09 
 In-plane 
0.64 
out-plane 
7 
∝ 𝑚2/𝑠 1.7×10
-7
 1166×10-7 1.6×10-7 23.8 ×10-7 3.7×10-7 41×10-7 
ρ 𝑘𝑔/𝑚3 964.95 8933 160 1600 1956 
cp 𝐽/𝑘𝑔. 𝐾 4201.5 385 1600 1075.5 875 
M
e
c
h
a
n
ic
a
l 
 
𝝈𝒎𝒂𝒙 𝐺𝑃𝑎 - 0.455
 
0.0051 0.600 0.320 
𝝉𝒎𝒂𝒙 𝐺𝑃𝑎 - 0.230 0.0026 0.090 0.0614 
𝑬 𝐺𝑃𝑎 - 117 0.17 70 7.89 
𝑮 𝐺𝑃𝑎 - 44 0.066  5 2.93 
𝝊 - - 0.3 0.3 0.1 0.24 
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Figure 4-3 Isometric of the proposed tool when used in RTM 
 
A worst case scenario was considered by assuming the use of the tool in RTM 
with an internal pressure of 14 bar (1.4×106 N/m2) (Lacovara, 1995; Lawrence 
et al., 2006), due to resin injection and fibre consolidation or clamping pressures. 
Also the square channel profile of 8 mm width is assumed (Figure 4-4), which 
provides half the strength of a circular channel profile (Xu, Sachs & Allen, 2001).     
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4 Section of the proposed tool model used in RTM process 
The minimum value of 𝐻 was determined from the following expressions (Roark 
& Raymond, 1989) for bending stress and deflection respectively: 
  
 𝜎𝑚𝑎𝑥 =
0.308 𝑝𝑚𝐴
2
𝐻2
                                        (4- 1) 
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 𝛿𝑚𝑎𝑥 =
0.014𝑝𝑚𝐴
4
𝐸𝐻3
                                         (4- 2) 
A trivial deflection of 0.3 mm was determined for H = 16mm, and the magnitude 
of tensile stress remains well below its allowable value.  To ensure acceptable 
tool face strength, ℎ was predicted from the following equations (Rao, 1991; Xu, 
Sachs & Allen, 2001). 
𝜎𝑚𝑎𝑥 =
𝑝𝑚𝑙
2
4ℎ2
                                               (4- 3) 
𝜏𝑚𝑎𝑥 =
0.75𝑝𝑚𝑙
ℎ
                                            (4- 4)    
𝛿𝑚𝑎𝑥 =
𝑝𝑚𝑙
2
ℎ2
(
𝑙2
32𝐸𝐶𝐹ℎ2
+
0.15
𝐺𝐶𝐹
)                       (4- 5) 
Assuming an initial value of 0.5 mm for ℎ , an extremely small deflection of 
2.1×10-2 mm was calculated and the magnitude of shear and tensile stresses 
remain below their allowable values.  Hence it was concluded that selecting any 
value 𝐻 ≥ 16 mm and ℎ ≥ 0.5 mm will guarantee mechanical safety for the 
proposed tool as well as an accurate dimensions for the moulded composite 
products. 
4.3.2 Pressure drop 
The pressure drop of a fluid flowing in a channel is a function of: channel length, 
hydraulic diameter and fluid mass flow rate (Holman, 2002; Incropera et al., 
2013). Therefore, given values for each of the aforementioned variables, 
channel design must ensure that the total pressure drop does not exceed the 
available pump pressure. The amount of pressure drop, for the fully developed 
flow, can be determined by the following expression (Incropera et al., 2013).  
∆𝑝 = 𝑓𝑓
?̇?
2𝐷ℎ
𝐿𝑐 = 𝑓𝑓
𝜌𝑢2
2𝐷ℎ
𝐿𝑐                        (4- 6) 
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The proposed flow regime in this PhD study is turbulent in a smooth tube, so 
the value of 𝑓𝑓 is given by  
𝑓𝑓 = (0.79 ln 𝑅𝑒𝐷 − 1.64)
−2                 (4- 7) 
4.4  Proposed design 
The design of the model tools in this PhD study is proposed by changing the 
levels of the following variables and relevant geometries, while the other 
contributing factors remain constant. These variables have not generally been 
considered in previous investigations, yet are expected to be important in 
improving the heating performance of the proposed tool. The first parameter is 
channel profile- three forms (circular, square and rectangular), with a fixed cross 
section area are considered. Each profile gives a different hydraulic diameter, 
Equation 2-19, as well as wet peripheral convection area of the channel, 
according to the following expression (Holman, 2002):  
𝐴𝑠 = 𝑃𝑐𝐿𝑐                                                    (4- 8) 
Both 𝐷ℎ and 𝐴𝑠 have significant effects on pressure drop, mass flow rate, flow 
regime and hence heat transfer coefficient of the fluid and the amount of the 
heat energy entering the mould. The second parameter is channel layout which 
is selected with the aim of reducing heat losses from the mould and the path of 
heat conduction.  For embedding the channel in the mould, three economic and 
easy to manufacture layouts are proposed: zigzag, helical and parallel, as 
shown in Figure 4-5. The different channel layouts are selected to investigate 
the effect of flow path on the tool heating performance and to define the 
conformal path that can achieve reasonable heating time and uniform 
temperature distribution over the tool surface. 
Chapter 4. DESIGN ANALYSIS AND OPTIMISATION 
 
112 
 
 
Figure 4-5 Forms of channel layout in the tool models 
 
The third parameter is the channel separation which represents the distance 
between the centres of two adjacent turns of the aligned channel (Figure 4-2). 
This factor is selected to assist in defining the conformal distance that can 
achieve a reasonable tool heating performance. Figure 4-6 illustrates the 
relation between the values of channel separation and the corresponding ratios 
between the unified channel length and the tool surface area (Appendix G). 
  
Figure 4-6 Effect of channel separation on the ratio of channel length/tool 
surface area 
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Due to the expected low thermal conductivity of the composite tool materials, 
CFRP and AlN/epoxy, two levels are proposed for this factor. An appropriate 
value for the first level is 50 mm because the value of  𝑅𝑗  for the higher 
separations becomes approximately stable. The second level is proposed as 36 
mm, because it was employed in the design of a high conductive aluminium tool 
by Ding et al. (1999) and (2001) and also values of 𝑅𝑗 increase rapidly when the 
channel separation becomes lower, as shown in Figure 4-6, and that will be 
undesirable for economic reasons. 
4.5 Design of experiments 
4.5.1 Taguchi’s method: 
Taguchi’s orthogonal array provides a minimum number of experiments 
necessary to study the influence of any desired factor on the quality 
characteristics in an economical way, while the signal-to-noise (S/N) ratio can 
be used to analyse the resulting data, to control the response and reduce the 
variability about the response (Gopalsamy, Mondal & Ghosh, 2009; Rao & 
Padmanabhan, 2012; Roy, 1990; Roy, 2001). Analysis of variance (ANOVA) is 
performed on the S/N ratios of the response variables to define the statistically 
significant design parameters and then predict their optimum combination (Ross, 
1989). 
4.5.2 Setting the factors and goals: 
As mentioned previously, we are examining the effect of three factors in 
improving the heating performance of the water-heated tool. The tool face must 
be heated to the target temperature in a minimum heating time and with 
minimum temperature difference across the tool face. The variables and their 
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levels are illustrated in Table 4-2; the third parameter has two levels, while the 
others have three. 
Table 4- 2 Design parameters and their levels 
 
 
 
 
 
 
 
4.5.3 Setting the design points  
The selection of the correct orthogonal array from the Taguchi’s family of 
fractional factorial experiment (FFE) matrices depends on the number of the 
parameters and their levels (Chen et al., 1996; Roy, 1990; Roy, 2001). In this 
PhD study are not equal, the highest number of levels (3) is applied, so the 
appropriate orthogonal array will be L9 which means that nine test models or 
cases must be designed at different parameter combinations. The L9 OA 
includes 3 levels for each factor as shown in Table 4-3, but the third parameter 
has only two levels.  So, the proper strategy is used to fill in the entries for C3 
with 36 or 50 in a random and balanced way (Fraley et al., 2006). 
Table 4-3 Test case plan using 𝐿9 OA 
 
 
 
 
 
Test cases 
Parameters and 
Levels 
Results  
A B C 
Heating 
Time/unit mass 
Temperature 
Variations 
1 Z C 1 𝑥1 S1 
2 Z S 2 𝑥2 S2 
3 Z R 1 𝑥3 S3 
4 H C 2 𝑥4 S4 
5 H S 1 𝑥5 S5 
6 H R 2 𝑥6 S6 
7 P C 2 𝑥7 S7 
8 P S 1 𝑥8 S8 
9 P R 1 𝑥9 S9 
Symbol  Parameters  Units 
Levels  
1 2 3 
A Channel  layout - Zigzag (Z) Helical (H) Parallel (P) 
B Channel Profile - Circular (C) Square (S) Rectangular (R)  
C Channel Distance mm 50 36 - 
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4.5.4 Dimensions of the proposed design points 
All the dimensions of the tool models (Figure 4-7a) are calculated according to 
the proposed value of channel separation and the details are illustrated in 
Appendix A. The channel profiles have an equal cross section area and their 
internal dimensions, as illustrated in Figure 4-7b, are constant in all the nine test 
models.  
 
Figure 4-7 Geometries and dimensions of the proposed tool models. 
The thickness of tool face, channel, mould, insulation and back face, are 4 mm, 
1 mm, 12 mm, 10 mm and 2 mm respectively, and they were kept constant in 
the design of all the nine models to maintain an equal percentage volume, 
thereby the thermal mass, contribution to each part and in the total tool volume 
(or thermal mass). The mismatch between the volume contribution percentages 
of some parts, as appears in Figure 4-8, returns to the difference of the channel 
profile and layout.  
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Figure 4-8 Volume contribution percentages of the tool models parts in each 
test case 
4.6 Numerical simulation 
4.6.1 Simulation methodology 
ANSYS-CFX (ANSYS, 2009) software was used to simulate the heating 
performance through 3D conjugate heat transfer. In this PhD study, the inner 
surface of the heating channels is set as a convection boundary, in contact with 
the circulating water (maintained at 90ᵒC). The heating-up period and 
temperature uniformity over the tool surface are considered as the response 
variables of the simulations. The governing equations for transient heat 
convection and diffusion through the tool are: 
𝜕2𝑇
𝜕𝑥2
+
𝜕2𝑇
𝜕𝑦2
+
𝜕2𝑇
𝜕𝑧2
=
𝜌𝑐𝑝
𝑘
(
𝜕𝑇
𝜕𝑡
+ 𝑢𝑥
𝜕𝑇
𝜕𝑥
+ 𝑢𝑦
𝜕𝑇
𝜕𝑦
+ 𝑢𝑧
𝜕𝑇
𝜕𝑧
)          (4- 9) 
𝜕2𝑇
𝜕𝑥2
+
𝜕2𝑇
𝜕𝑦2
+
𝜕2𝑇
𝜕𝑧2
=
𝜌𝑡𝑐𝑝𝑡
𝑘𝑡
(
𝜕𝑇
𝜕𝑡
)                                               (4- 10) 
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4.6.2 Model geometry 
The full geometry of the test models with zigzag and helical layouts (Figs. 4-9a 
and b) were created within the design module of ANSYS Workbench; for the 
parallel layout, a half model using symmetry was used (Figure 4-9c). 
 
Figure 4-9 Geometries of different tool models within ANSYS Workbench 
  
4.6.3 Applied boundary conditions 
A water velocity of 2 m/s was used to ensure turbulent flow (𝑅𝑒𝐷 ≥10,000) in all 
the cases. The heating medium was be water at 90oC, while the initial 
temperature of all tool parts and ambient is assumed to be 25oC.  
4.6.4 Calculating the heat transfer coefficients 
A forced convection boundary was specified at the interface between the water 
and the channel, with the heat transfer coefficient calculated by equation 3-1.  
While 𝑃𝑟  is constant (equal to 1.97) in all the test cases, the value of heat 
transfer coefficient depends on the values of hydraulic diameter, fluid velocity 
and Reynolds number as shown in Table 4-4. The fluid velocity in each of the 
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four parallel branches of the parallel model is calculated from the total 
volumetric flow rate according to the equation of head loss equality and 
continuity (Appendix H) as follows (Munson, 2010): 
∆𝑝1 = ∆𝑝2 = ∆𝑝3 = ∆𝑝4                      (4- 11) 
𝑄 = 𝑄1 + 𝑄2 + 𝑄3 + 𝑄4                      (4- 12) 
Table 4-4 Heat transfer coefficient at the interface between water and the 
channel according to the channel profile and layout 
 
Heat transfer coefficients for convection from the external surfaces of the 
models were calculated assuming values of 25oC and 57.5oC for the ambient 
and mould mean temperatures, respectively. Three different values are found 
for the air heat transfer coefficient at the top, bottom and side surfaces of the 
tool models (Table 4-5) according to Equations 3-2 to 3-4.  
Table 4-5 Heat transfer coefficients over the external surfaces of the tool 
models according to their lengths 
 
 
 
 
 
4.6.5 Mesh generation: 
In mesh generation, the models were divided into a high number of very small 
elements. The channel and the remainder of the tool were meshed separately 
Channel  u Dh Re h @ 90ᵒC 
Profiles Layouts m/s m - W/m2.K   
Circular 
Zigzag & Helical 2 
8.00×10-3 
48,781 14,352 
Parallel (4 branches) 2/4=0.5 12,195 4,734 
Square 
Zigzag & Helical 2 
7.09×10-3 
43,232 14,703 
Parallel (4 branches) 2/4=0.5 10,808 4,850 
Rectangular 
Zigzag & Helical 2 
6.99×10-3 
42,622 14,745 
Parallel (4 branches) 2/4=0.5 10,656 4,864 
A ht hb hs 
mm W/m2.K 
144 7.24 6.67 8.3 
200 3.23 2.98 8.3 
Chapter 4. DESIGN ANALYSIS AND OPTIMISATION 
 
119 
 
(Figure 4-10). With the two domains having different mesh densities, the 
connection of the interfaces is set to ‘general grid interface’ (GGI) to facilitate 
connection of the mismatched grids and node locations at the contact interfaces 
(ANSYS, 2009). 
Figure 4-10 Tool model parts according to the mesh size 
In order to reduce the number of elements and the simulation run time, tests 
were carried out (aforementioned in Section 3.5.2) on the largest and most 
complex model (the circular section helical layout with 50 mm channel 
separation) to find the largest mesh size that could give acceptable results. 
Eventually, each of the nine test cases was modelled with between 1.1×105 and 
4.7×105 elements. 
4.6.6 Time step (time scale) 
The time step is another basic factor that affects running speed and the output 
results of simulation.  For transient calculation, the time step size should be the 
smaller of the convection and thermal diffusion timescales. The convection time 
scale, assuming a pipe length: diameter ratio of 70 is given by Equation 2-32. 
The thermal time scale was determined for turbulent flow by Equation 2-33. So 
the calculated thermal time scale will be 0.3 s which is the smaller of the 
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convection and thermal diffusion timescale. Hence various tests were 
conducted (aforementioned in Section 3.5.3) with different time step sizes, 
larger than that calculated, leading to the conclusion that a value of 1s could 
achieve the same results as 0.3s with a shorter run time. 
4.7 Simulation results 
Each simulation run represents one experiment in the orthogonal array as 
shown in Table 4-2. Two strategies are defined for the response variables in 
terms of heating time per unit mass and temperature variation across the tool 
face.  
4.7.1 Heating time per unit mass  
For each run, the calculated transient temperatures of the four coolest points at 
the corners of the tool surface are measured and plotted (Figure 4-11).   
 
Figure 4-11 Corner points on the heated surface of a tool model 
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Then the lowest of these four is selected to define the required heating time to 
achieve the desired target temperature.  For example, in test case 4 (helical 
layout, circular channel with 36 mm separation), the slowest heated corner is 
Co4 (Figure 4-12).  From the results Table for this corner, two nearest 
temperatures (higher and lower) to the target temperature are defined, and the 
desired heating time is calculated, by interpolation, according to: 
𝐻𝑡  =
(𝑡𝑚𝑎𝑥−𝑡𝑚𝑖𝑛)
(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)
(𝑇𝑡 − 𝑇𝑚𝑖𝑛) + 𝑡𝑚𝑖𝑛                            (4- 13) 
 
Figure 4-12 Heating curves of the surface corners of the tool model with a 
helical alignment, square channel and 36mm separation 
 
So 𝐻𝑡 will be the heating time to raise the temperature of all the tool surface to 
the target temperature, but this value is not a valid response variable due to the 
difference between the volumes of the three models. Therefore the heating time 
was divided by the total weight of the proposed tool to define a ratio of heating 
time per unit mass, as listed in Table 4-6.  The proportions by volume of the tool 
parts in all the cases are similar. 
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4.7.2 Surface temperature variation 
This response variable, as listed in Table 4-6, is defined as the difference 
between the area-weighted average temperature of the tool surface and the 
target temperature, with the former deduced directly from post-processing 
results of each test case at the specified heating time. Using 𝑇𝑎𝑣𝑒 in calculating 
this quality characteristic neglects the effect of the difference between the 
surface areas of the test cases, so the area-weighted average temperature is 
used (Phatak, 2012): 
𝑇𝑎𝑣𝑒 =
∑ (𝑇𝑟𝐴𝑟)
𝑛
𝑟=1
∑ (𝐴𝑟)
𝑛
𝑟=1
                                        (4- 14) 
Figure 4-13 illustrates the simulation results of temperature distribution over the 
surface of each test case, at the corresponding 𝐻𝑡. The test case results are 
divided into two gropes according to the values of channel separation and tool 
length: the first grope (left column of Figure 4-13) includes the cases 1, 3, 5, 8 
and 9 with channel separation of 50 mm and tool length of 200 mm, while the 
second grope (right column of Figure 4-13 cases 2, 4, 6 and 7) has channel 
separation 36 mm and tool length of 144 mm.    
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Figure 4-13 Temperature distribution over the surface for each test case after 
heating for the corresponding (𝑯𝒕)  
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4.8 Design optimisation 
4.8.1 S/N ratio 
The heating time per unit mass and surface temperature variation were 
considered as the response variables with the concept of “lower-is-better” (LB). 
The S/N ratio, for an LB characteristic (in decibels) is given by (Chen et al., 
1996): 
𝑆 𝑁⁄ 𝐿𝐵 = −10 𝐿𝑜𝑔 (
1
𝑒
∑ 𝑥𝑖
2𝑒
𝑖=1 )                                  (4- 15) 
In this PhD study 𝒆 (number of repetitions) is 1. The corresponding S/N ratio 
values of the response variables (the test results) are shown in Table 4-6. 
Table 4-6  Response variables and their S/N ratios 
 
 
 
 
 
 
 
 
The average performance (Appendix I) for the S/N ratio values of each factor at 
each level is summarised in Table 4-7 (for the response variable of heating time 
per unit mass) and Table 4-8 (for the response variable of temperature 
variance).  
 
Test 
 Cases 
A B C 
Heating time /unit mass Temperature Variation 
Response 
 variable 
S/N  
ratio 
Response 
 variable 
S/N  
ratio 
[min/kg] dB [ᵒC] dB 
1 1 1 1 6.8 -16.7 6.9 -16.8 
2 1 2 2 3.8 -11.6 7.0 -16.9 
3 1 3 1 5.9 -15.4 6.7 -16.5 
4 2 1 2 3.2 -10.0 7.2 -17.1 
5 2 2 1 5.0 -14.0 6.8 -16.6 
6 2 3 2 3.0 -9.7 7.2 -17.1 
7 3 1 2 1.5 -3.5 5.2 -14.3 
8 3 2 1 2.0 -6.0 5.0 -14.0 
9 3 3 1 1.6 -4.0 4.7 -13.4 
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Table 4-7 Average performance of S/N values of each level for heating time per 
unit mass  
 
 
 
 
 
 
 
 
Table 4-8 Average performance of S/N values of each level for temperature 
variance 
 
 
 
 
 
 
 
 
 
The optimum combination of the design factors, according to the results of 
heating time per unit mass in Figure 4-14, can be identified as: channel 
alignment (factor A)-Parallel (level 3), channel profile (factor B)- Rectangle 
(level 3) and channel distance (factor C)-36 mm (level 2).  
 
 
Figure 4-14 Main factor effects of average S/N for heating time per unit mass  
 
Also the optimum combinations of design factors, according to the results of 
temperature variance along the tool face (Figure 4-15), can be identified as: 
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Levels 
A
B
C
                     1    Levels              2                        3 
Levels A B C 
1 -14.6 -10.06 -11.2 
2 -11.2 -10.52 -8.7 
3 -4.5 -9.70 
 
(f𝑚𝑎𝑥-f𝑚𝑖𝑛) -10.1 -0.8 -2.5 
Levels A B C 
1 -16.7 -16.07 -15.4 
2 -16.9 -15.84 -16.4 
3 -13.9 -15.67 
 
(f𝑚𝑎𝑥-f𝑚𝑖𝑛) -2.8 -0.4 -1.0 
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channel alignment (factor A) - Parallel (level 3), channel profile (factor B) - 
rectangle (level 3) and channel distance (factor C) - 50 mm (level 1). 
 
Figure 4-15 Main factor effects of average S/N for surface temperature 
variance 
The results show that the channel profile has little effect on the heated tool 
performance, because the difference between the maximum and the minimum 
values of its main effects (f𝑚𝑎𝑥 - f𝑚𝑖𝑛)  is small. The square and rectangular 
profiles are only marginally better than circular, in terms of heating time and 
temperature difference, because they have lower Dh, higher As and  hw values 
than the circular profile (Table 4-4).  
The high effectiveness of the parallel alignment can be explained by the fact 
that this method offers a straight flow with a constant boundary layer, lower 
head loss along the flow path and almost equal pressure drop between the 
parallel branches.  It can be seen from Figure 4-13 that the heat transfer around 
the channel bends, in all the test cases, is lower than that in the straight 
sections. 
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4.8.2 ANOVA  
ANOVA assists in analysing the response variables, finding the significant 
design parameters and predicting of optimal design parameters (Grove, 
Popham & Miles, 2006; Rao & Padmanabhan, 2012). The 90% confidence 
interval (Appendix I) was found to be 5.462. This illustrates that the parameters 
A and C are affecting the heating performance of the heated tool significantly, 
because their variance ratios (𝐹𝐴 and 𝐹𝐶) are higher than 5.465.  The parameter 
B was pooled due to its low significance (𝐹𝐵<5.465) to give a new error variance, 
sum of square, variance ratio (Roy, 1990). The calculated values of DoF, sum 
of squares, variance, variance ratio and percentage contribution (Appendix I) of 
each factor are listed in Table 4-9 (for the response variable of heating time per 
unit mass) and Table 4-10 (for temperature variance). Accordingly, the 
contribution percentage shows that channel layout and channel distance have 
the maximum effects of (84.3% and 9.7%) and (81.1% and 11.2%) on the tool 
quality characteristic, respectively.  
Table 4-9  ANOVA results for the heating time per unit mass 
Parameter 
Design 
Parameters 
Degree 
of 
Freedom 
Sum of 
Squares 
Variance 
Variance 
Ratio 
Percentage 
Contribution 
𝑓 𝑆𝑆 𝑉 𝐹 𝑃 
A 
Channel 
Layout 
2 157.1 78.8 389.6 84.3 
B 
Channel 
Profile 
2 1.011 0.505 0.157 Pooled 
C 
Channel 
Distance 
1 18.0 18.2 90.3 9.7 
Error  5 1.01 0.202 1.0 6.0 
Total  8 186.4 - - 100.0 
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Table 4-10 ANOVA Results for the temperature variation 
 
 
4.8.3 Determining optimal design 
Based on Taguchi’s design method, the significant parameters are used to set 
the optimal conditions and the insignificant factors are set at economic levels. 
The expected results of combination the optimal design parameters and levels 
can be predicted by utilising their factor effects (f𝐴 , f𝐶) (Appendix I). Therefore, 
the expected optimal result value is -3.1, (According to the optimal combination 
of A3B3C2 for the response variable of heating time per unit mass), while it is     
-13.5 (According to the optimal combination of A3B3C1 for the response variable 
of temperature variation) and their equivalent values are 1.4 min/kg and 4.7oC, 
respectively (Appendix I). 
The 95% confidence intervals are ±0.77 (for heating time per unit mass) and 
±0.4 (for temperature variance). Achieving two different optimal conditions 
means that whenever the tool heating is faster, the temperature variation will be 
higher, because the temperature variation is defined as the difference between 
𝑇𝑎𝑣𝑒  and 𝑇𝑡 over the tool face and the area average temperature changes 
inversely with 𝐻𝑡, as shown in Figure 4-16. The quantity of stored heat during 
the heating time ( 𝐻𝑡), is: 
Parameter 
Design 
Parameters 
Degree 
 of 
Freedom 
Sum of 
Squares 
Variance 
Variance 
Ratio 
Percentage 
Contribution 
𝑓 SS 𝑉 F P 
A Channel Layout 2 14.6 7.3 153.5 81.1 
B Channel Profile 2 0.24 0.12 0.36 Pooled 
C 
Channel 
Distance 
1 2.0 2.1 43.0 11.2 
Error  5 0.24 0.05 1.00 7.7 
Total  8 18.0 - - 100.0 
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 𝐸𝑠𝑡 =  𝐸𝑖𝑛- 𝐸𝑙𝑜𝑠𝑠                                    (4- 16) 
Where values of 𝐸𝑖𝑛  and 𝐸loss  were obtained directly from the transient 
numerical results.   
 
Figure 4-16  Area average temperature versus the corresponding heating time 
for the test cases 
 
This shows that, at low 𝐻𝑡, there is insufficient time for heat to transfer to the 
surroundings or accumulate in the tool. So the amount of stored heat in the tool 
increases as the heating time decreases, as shown in Figure 4-17. Also at low 
times, heat is concentrated in positions near the channel, as is clear in Figure 4-
13.  
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Figure 4-17 The effect of heating time on the amounts of stored and lost heat in 
the test tools 
Results indicate that the effect of channel separation on the efficiency of the 
composite tool is different from results reported previously (Guilong et al., 2010; 
Wang, Zhao & Guan, 2011) in studies of thermoplastic injection moulding, 
where reducing this design factor reduced the tool heating time. However, this 
PhD work was performed on relatively high thermal conductivity metallic tooling. 
In our work, the temperature uniformity is not improved by reducing the heating 
channel separation, as heat transfer is significantly slower through the low 
thermal diffusivity composite tool.  
4.9 Conclusion 
The heating performance of three alternative designs of an integrally- heated 
composite tool was studied by numerical analysis. By applying Taguchi 
methodology to the results from nine numerical experiments, the effect of 
different design parameters have been investigated, and preliminary 
conclusions can be drawn with regard to optimisation within the range of 
variables considered. It was shown that the channel cross-section has very little 
influence on heating efficiency, and consequently there is no reason to propose 
an alternative to the widely used and readily available circular piping systems. 
The most crucial parameter is the geometrical layout of heating pipes within the 
tool. Of the three geometries studied here, the parallel layout proved to be the 
most efficient, in terms of achieving the desired characteristics of surface 
temperature uniformity and minimum heating time. The third design parameter 
was the effect of heating channel separation; it was found that the relatively low 
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thermal conductivity of composite materials leads to different conclusions 
regarding optimum channel spacing compared to previous studies on metallic 
tooling for injection moulding. This preliminary study has demonstrated the 
usefulness of numerical experiments in understanding the heating performance 
of composite tooling. 
 
Chapter 5. EXPERIMENTAL WATER-HEATED TOOL 
 
 
 
 
Chapter 5  
Experimental water-heated tool 
 
 
Chapter 5. EXPERIMENTAL WATER-HEATED TOOL 
 
 
135 
5.1 Introduction 
Most of the entire chapter is published in an article in the journal of Reinforced 
Plastics & Composites, available online since 29 January 2016. Recently, 
different approaches have been developed to overcome the problems of the 
traditional methods of composite manufacturing e.g. high operation costs, 
energy losses and long curing time. These disadvantages are particularly 
associated with the use of autoclaves. One of the technologies that can produce 
composite components without an autoclave is the integrally heated-tool, and is 
widely used in different industries, such as, wind energy, aerospace, surface 
transport (Marsh, 2003; Mason, 2006). This is because integrally heated-tools 
enable fabrication of large components with complex shapes and can overcome 
the size limitation problem of ovens and autoclaves and their significant 
consumption of heat energy, time and capital (Arney et al., 2004; Raizenne, 
Hind & Poupore, 2006; Walczyk & Kuppers, 2012).   
The heating unit in the integrally heated-tools directly attaches to the tool and 
eliminates the need for heating the surrounding environment, hence increasing 
the heating rate and saving energy (Baril-Gosselin, 2013; Raizenne, Hind & 
Poupore, 2006). According to the installation, the heating unit may be attached 
to the tool externally or embedded (Black, 2011). Heating is achieved by 
circulating a hot fluid in pockets connected directly to the tool or in a channel 
embedded in it (Yao, Chen & Kim, 2008). This method is widely used in the 
composite industry, and in plastic injection moulding and thermoforming 
processes due to its advantages compared to electrical heating techniques 
(Marsh, 2003). The most preferred heating medium is water because it is a low 
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cost and efficient heating medium, requiring minimum power for heating and 
pumping due to its low viscosity and high thermal capacity, and the achieved 
temperature never exceeds required tool surface temperature (Marsh, 2003). 
Water can also be used for cooling.  
Various studies have been compared the heating performance of different 
heating fluids, e.g. oil, water, steam, pressurised water as well as other heating 
techniques such as electric cartridge, electric resistive, oven and infrared 
induction (Black, 2010b; Petrykowski & Fischer, 2012; PMC; Sloan, 2013). 
Results have shown that water is superior in achieving the desired temperature 
over the mould face uniformly with the lowest cost, time and consumed energy. 
Most of the tool’s physical, thermal and mechanical characteristics depend on 
the tool material (Murphy, 1994; Rosato, 2004; Scott Bader Company, 2005). 
Composite materials, compared to metals, can offer the advantages of low 
manufacturing cost and time as well as low coefficients of thermal expansion 
(CTE). The key problem of composite tools is their low thermal conductivity, 
especially through-thickness; this is mainly due to the polymer matrix, the 
conductivity of which could be improved by adding filling materials (Milella et al., 
2014).  
 In order to improve the heating performance of an integrally water heated tool, 
the effect of a number of design variables, e.g. shape, layout and separation of 
heating channels, were investigated numerically in Chapter 4 based on the 
following assumptions:  
 The bulk temperature of water entering the tool was assumed to be 
constant at its maximum possible temperature of 90ᵒC, which results in a 
constant thermal boundary condition at the model inlet. This boundary 
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condition could be achieved practically in industry with established 
adequate resources  as mentioned by Ding et al.(2001). 
 A free air convection boundary condition was assumed to the top, bottom 
and side surfaces of the tool model.  
In the current chapter an experimental tool is built according to the predicted 
optimal design (Chapter 4), after some minor amendments to the channel 
separation and number of the parallel channels to increase the tool surface area 
and facilitate the tool manufacturing and temperature measurement. Tooling 
materials of carbon fibre reinforced epoxy (CFRP) laminate and Alepoxy 
(aluminium powder/epoxy composite) are selected according to their availability 
and cost for constructing the tool face and the mould, respectively. The tool is 
manufactured with an integrated method that can provide good contact between 
the tool parts and eliminate the problems of production (e.g. void content, resin 
richness, residual strain and low volume fraction) as much as possible. The tool 
materials are tested practically to calculate their diffusivity, specific heat and 
conductivity. The produced optimal tool (after amendment) is simulated in 
ANSYS software to explore its heating performance with regard to heating time 
and surface temperature uniformity. Finally the produced tool is tested 
experimentally defining its practical heating performance and verifying the 
numerical results. Calibrated measurement apparatus (thermal camera, 
thermocouples and a flowmeter) are used during the experiments. Results show 
good agreement between the numerical and experimental results, confirming 
the suitability of numerical simulation in predicting the optimal designs of 
integrally heated tool and appropriate assignment of the boundary conditions. 
Chapter 5. EXPERIMENTAL WATER-HEATED TOOL 
 
 
138 
5.2 Design of the experimental heated-tool 
The experimental tool was based on the predicted optimal combination of 
A3B3C2 for the response variable of heating time per unit mass, as established 
in Section 4.8.3. The following minor amendments were made: 
 The channel separation was increased by 4 mm to facilitate the channel 
connection during manufacturing. 
 Circular instead of rectangular channels were selected as they are 
readily available. This was found to have very little influence on heating 
efficiency. 
 Number of parallel channels was increased to 8 in order to increase the 
tool surface area that facilitates monitoring the tool surface temperature 
and the ability to mould composite laminates, if required. 
 The width of the optimal experimental tool is a function of the channel 
separation (40 mm) and accordingly the effective heated zone of the CFRP tool 
face is considered to be a rectangle of 320 x 500 mm that locates directly over 
the mould. The main transverse pipes remain outside the mould to eliminate 
their effect in heating the tool face, which is achieved only by the parallel 
branches. The back and side faces of the tool as well as the exposed parts of 
the piping system are insulated completely by PVC foam in a wooden box, as 
illustrated in Figure 5-1. 
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Figure 5-1 Dimensions (mm) of the optimal experimental tool 
5.3 Tool building 
The tool consists three main parts; two of them (the tool face and the channel or 
piping system) are initially combined temporarily in a special fixture that 
facilitates in situ casting of the third part (the mould). Two composite 
combinations of CFRP laminate and Alepoxy mixture are selected for the tool 
construction due to their availability and cost. 
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5.3.1 Piping system (Channels)  
Copper pipes of 10 mm outside diameter and 0.7 mm thickness are used due to 
their availability, ease of forming and compatibility with the inlet and outlet of the 
heating unit. The eight parallel branches are joined by soldering to the main 
transverse outlet and inlet, using T and elbow joints as shown in Figure 5-2.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2 The piping system dimensions (mm) 
The actual average flow rate, at the main inlet, was measured by a calibrated 
flowmeter at 75ᵒC to be 15.68 l/min (4.5 m/s). Then the flow rate and fluid 
velocity in each parallel branch, as listed in Table 5-1, is calculated from the 
total average flow rate according to equations of continuity and pressure drop 
equality, as illustrated in Section 4.6.4 and Appendix H. The length of 637mm 
ensures more equal flow rate and flow profiles in the parallel branches; the 
maximum difference between the flow rates is 0.3 l/min and the flow rate in 
each channel creates turbulent flow with Reynolds number higher than 104.  
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Table 5-1 Flow rates, fluid velocities and Reynolds’ numbers in the channel 
branches of the experimental tool  
 
 
5.3.2 Tool face  
The tool face is made of CFRP, chosen for its low CTE and thermal inertia, high 
strength and wear resistance. The reinforcement is non crimp fabric (NCF) 
triaxial carbon (0, ±45) of 660 g/m2 areal-weight from Sigmatex Industries 
(Sigmatex, 2014), is laid up in a multi-axial lay-up configuration that will be 
helpful in obtaining higher volume fraction and thereby achieving the possible 
higher through-thickness thermal conductivity. The fibre cloth is stich-bonded 
layers fabric with polyester yarn in the warp direction and each layer consists 
three lamina of parallel fibres laid in three different orientations to produce two 
cloth types of 45, 0, -45 and -45, 0, 45, while the 0 orientation is along the weft. 
The matrix is the two component, injection and infusion, epoxy system SR8100 
with SD8824 standard hardener from Sicomin Composites (Sicomin-
Composites, 2013). Appendix J illustrates the manufacturing details of the 
CFRP laminate, as shown in Figures 5-3 and 5-4. The produced laminate 
thickness is 3.1 mm, which can provide the desired strength with lower thermal 
resistance, as aforementioned Section 4.3.1. Finally the edges of the CFRP 
laminate are trimmed to obtain a square plate of side 500 mm.  
 
Channel No. 
Outer Channels  Inner Channels Main 
Inlet  1 & 8 2 & 7 3 & 6 4 & 5 
Flow rate l/min 2.12 2.00 1.90 1.82 15.68 
Fluid velocity m/s 0.52 0.55 0.57 0.61 4.5 
Reynolds No. - 13,634 14,421 14,945 15,994 117,989 
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Figure 5-3 Stacking triaxial carbon fibre cloth layers.  
Figure 5-4 Vacuum bag resin infusion process and produced laminate. 
 
5.3.3 Mould  
Alepoxy particulate composite is used in manufacturing the mould, using 250 
µm Aluminium particles (East Coast, 2013), while the epoxy system is SR8500 
with ultra-slow hardener of SD8601(Sicomin-Composites, 2013). This mixture is 
selected because it is low cost, facilitates embedding the channel, provides a 
coherent joint with the tool face laminate that attains a strong mould with an 
Laminate  
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expected through-thickness thermal conductivity higher than CFRP. The main 
physical properties of the Alepoxy constituents are listed in Table 5-2. 
Table 5-2 Density and mixing weight of the Alepoxy composite contents 
(Sicomin-Composites, 2013) 
Alepoxy mixture 
 contents 
Density @ 20ᵒC Mixing ratio 
gm/cm3 ?̅?ℎ  ?̅?𝑟⁄  ?̅?ℎ  ?̅?𝑟⁄  
Al particle 𝑓 2.7 - - 
Resin (Epoxy) 𝑟 1.176 
0.35 0.425 
Hardener ℎ 0.95 
 
A number of Alepoxy specimens with different volume fractions were prepared 
and tested for their castability (pouring into a die cavity with the desired shape) 
and obtaining the highest volume fraction that can be cast easily. That is 
because higher volume fraction provides higher thermal conductivity 
(Konzelmann et al., 2008; Tomlinson & Stapley, 1977; Zhu et al., 2013). Table 
5-3 lists the proposed volume fractions and contribution weights of constituents 
(fibre, resin and hardener) of the Alepoxy specimens, which are calculated in 
Appendix K. The specimens are prepared in special cylindrical plastic cups with 
40 mm diameter and 30 mm height.  Results show that the mixture of 0.48 
volume fraction is the most appropriate for casting the desired mould and its 
density is 1920 kg/m3 according to Equation K-19.  
 Table 5-3 Proposed volume fractions and calculated weights of the Alepoxy 
mixture specimens and their constituents in the castability testing 
Total 
specimen 
volume 
Particle 
volume 
fraction 
Weights of the constituents  
Total 
weight Particle Resin Hardener 
V̅co 𝑉𝑓   W̅f W̅r W̅h W̅co 
cm3 
 
gm 
2320 
0.6 3758.4 765.8 268.0 4792.3 
0.5 3132.0 957.3 335.1 4424.4 
0.48 3006.7 995.6 348.5 4350.8 
0.45 2818.8 1053.0 368.6 4240.4 
0.4 2505.6 1148.8 402.1 4056.4 
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5.3.4 Tool fixture 
 The fixture, as illustrated in Figure 5-5, is a custom wooden box that is made 
especially to combine the tool face and the piping system together, temporarily, 
during manufacturing and facilitate the mould casting. This arrangement acts as 
fixture for both the pipe system and the CFRP plate and offers a cavity for 
casting the Alepoxy (Aluminium particles and epoxy) mixture, on the back face 
of the CFRP laminate, to form the mould 
 
Figure 5-5 Wooden fixture configuration 
5.3.5 Mould casting 
Initially the tool parts of tool face and channels are combined in the fixture and 
then 30 K-type thermocouples (more details in Section 5.5.2), as shown in 
Figure 5-6, are distributed at the interfaces between the mould, tool face and 
the channel as well as the mould back face to enable monitoring the 
temperature change at these locations when desired.  
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Figure 5-6 Combining the tool parts in the fixture with placing the 
thermocouples  
 
The desired weights of the constituents of Alepoxy mixture are defined, as 
illustrated in Appendix K, according to the selected fibre volume fraction of 0.48, 
and the mould volume that equals the fixture cavity of 500 x 360 x 13 mm, as 
shown in Figure 5-7. Consequently the mixture is prepared and cast into the 
fixture cavity to form the mould that integrates with the channel and joins to the 
tool face permanently. 
   
 
 
 
 
 
 
Figure 5-7 Experimental tool 
The mixture is cured under a high pressure of 100 psi at 25ºC for 12 hours to 
reduce the void content and post cured, in an oven, at 80ᵒC for about 8 hrs with 
a) After casting process.                  b) After curing process. 
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a ramp rate of 3 ᵒC/min. Finally the wooden fixture is opened to extract the final 
tool as shown in Figure 5-8. 
 
 
 
 
 
 
 
Figure 5-8 The produced experimental tool after extracting from the tool fixture 
 
In order to prevent heat loss from the experimental tool, during application, it is 
placed in a wooden box (Figure 5-9) padded with a thick layer of PVC foam to 
insulate the tool side and back faces in addition to the exposed parts of the 
piping, and then the box is closed tightly. The minimum thickness of insulation is 
72 mm. Figure 5-10 illustrates the assembly detail of the produced experimental 
tool. 
 
 
 
 
 
 
 
 
Figure 5-9 The wooden box padded with PVC insulation 
a. The tool from back                           b. The tool from top  
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Figure 5-10 The assembly sequence of the experimental tool parts 
 
5.3.6 Volume and weight contributions of the tool parts  
The volume, weight and their contribution fractions of each part of the 
experimental tool (tool face, mould, channel and insulation) and their totals are 
listed in Table 5-4, while Figure 5-11 shows the relative volume and weight 
contribution fraction of each tool part. 
Table 5-4 Volume, weight and their contribution of the tool parts 
Tool  
parts 
Material 
Density   Volume 
Volume 
contribution 
 Weight 
Weight 
contribution 
 kg/m3 m3 % kg % 
Channel Cu 8933 8.2E-05 0.7 0.73 11.60 
Foam PVC  160 9.1E-03 79.7 1.46 23.18 
Mould Alepoxy 1183.5 1.8E-03 15.4 3.39 53.78 
tool face CFRP 1492 4.8E-04 4.2 0.72 11.44 
Total  -  1.1E-02 100  6.30 100 
Chapter 5. EXPERIMENTAL WATER-HEATED TOOL 
 
 
148 
 
Figure 5-11 Volume and weight contribution fractions of the experimental tool 
parts  
5.4 Measurement of the material properties  
Setting the real properties of the materials, during simulation, is one of the 
basics of reliable comparison between the numerical and experimental results. 
Therefore thermal properties of the composite materials, applied in the 
experimental tool, are measured with different advanced and calibrated 
methods and apparatus. 
5.4.1 Volume and weight fractions of CFRP laminate  
The digestion method is applied to calculate the actual fibre weight in the 
samples of the produced CFRP laminate according to the GKN document 
LTI/CHEM/037 (2003) and British standard BS 7658 (1995). The digestion test 
of the CFRP laminate, in this PhD study, is achieved as follows (Griepink & 
Tolg, 1989). 
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 Three small pieces (test samples) were cut with random sizes from the 
CFRP laminate and then weighed. 
 Each test sample is placed in a beaker containing 50 ml of concentrated 
nitric acid that removes the cured matrix without affecting the fibre. 
 The beaker is heated up to the boiling point of the solution and remains 
for about 60-90 min, and then cooled down.  
 The digested mixture is filtered through sintered glass crucible using a 
Buchner filtration flask and pump. 
 The beaker is washed thoroughly with distilled water and the process is 
repeated with acetone. Then the remaining fibres are weighed and 
recorded as shown in Table 5-5. 
Table 5-5 The digestion results of the CFRP laminate 
 Both the fibre weight and volume fractions, in each sample, are determined 
from the densities of fibre and matrix as well as the obtained weights (before 
and after digestion) of the sample, as follows (Grove, 2014; Kochetov et al., 
2009). 
𝑊𝑓 = ∑ (
?̅?𝑓
?̅?𝑐𝑜
)
𝑖
𝑛
𝑖=1 × 100                                                      (5- 1) 
𝑉𝑓 =
𝑊𝑓
𝑊𝑓+(1−𝑊𝑓)
𝜌𝑓
𝜌𝑚𝑎
                                                               (5- 2) 
Finally the fibre weight and volume fraction of the produced CF is defined by the 
average of that of the specimens. 
Sample 
No  
Sample Weight Fibre 
Weight 
Fraction 
Density Fibre 
Volume 
Fraction 
Before 
Digestion   
After 
Digestion 
ρ𝑓 ρ𝑚𝑎 
g Wf g/cm
3 𝑉𝑓 
1 1.583 1.009 0.64 
1.799 
 
1.158 
 
0.53 
2 1.535 0.997 0.65 0.54 
3 1.669 1.049 0.63 0.52 
Average  1.596 1.018 0.64 0.53 
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5.4.2 Concentration of Al particles through the mould thickness  
The particles in a viscous liquid settle down due to gravity as mentioned by 
Murisic et al. (2013). This phenomenon also occurs during the cure of 
particulate composites (e.g. Alepoxy) and causes uneven distribution of the 
particles through the mould thickness that may affect its properties, especially 
the thermal conductivity. Therefore the concentration of the aluminium particles, 
across the thickness of a specimen of the mould material, is inspected by 
Scanning Electron Microscopy (SEM) that uses electron beam to view the 
sample structure instead the light in the normal microscopes (Stadtländer, 
2007). The inspection is performed as follows. 
 A cylindrical specimen, of 40 mm diameter and 15 mm height (Figure 5-
12), is prepared simultaneously during the mould casting (Section 5.3.5) 
to attain similar properties of the produced mould.  
 The specimen is cut axially to expose a through thickness plane. A low-
speed diamond saw is used for cutting to minimise structural damage. 
 The surface of the through thickness plane is polished and then carbon 
coated in order to prevent from charging and thereby obtaining clear 
images during the SEM scanning. The prepared specimen is placed in 
the special cabinet of the SEM for scanning and capturing images. 
Imaging covers the top, bottom and middle zones of the sample surface, 
as shown in Figure 5-12. At least five sequential images are captured 
from each zone in the horizontal direction. The bottom zone is the bottom 
of the specimen and also represents the upper face of the mould that 
contacts the tool surface.  
 Finally the imageJ software is applied to determine area fraction of the 
particles in each zone from their images. 
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Figure 5-12 Aluminium particle concentration in the Al epoxy mixture, 
magnification is X50 
 
The inspection results indicated that the area fraction, of the particles, changes 
slightly through the mould thickness from 47% at the mould bottom to 49.5% at 
the top, which means that the maximum difference of aluminium particle 
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distribution across the mould thickness does not exceed ±2.5%. This small 
difference does not have significant effect on the mould out-of-plane thermal 
conductivity. Consequently properties of the Alepoxy mould are assumed to be 
isotropic in this PhD study. 
5.4.3 Density measurement of the composite materials  
Density of the composite materials is a function of fibre volume fraction and 
densities of the constituents, which can be calculated according to the role of 
mixture (ROM), as explained in Appendix K. It can also be measured via water 
displacement (buoyancy) method according to ASTM D792-13 (2013), which is 
based on the Archimedes’ principle, which proved that volume of a submerged 
material equals the volume of the displaced water (Derringh, Halliday & 
Resnick, 1988). The both methods are applied in this PhD study to obtain the 
most reliable densities of the applied materials. Practically the buoyancy 
method is performed as follows. 
 Five small samples (pieces with arbitrary sizes and geometries) are 
prepared for each composite material. 
 The mass of each sample is measured in air and then in water by a 
precision analytical weighing balance of Avery Berkel model WA205.  
 Density of each sample is determined by Archimedes’ law of buoyancy 
with assuming the water density of 1 g/cm3 at room temperature (20ᵒC). 
𝑚𝑜 − ?̅?𝑜 = 𝑚𝑤         (Archimedes Law)                 (5- 3) 
𝑉𝑤𝜌 = 𝑉𝑜𝜌 = (
𝑚𝑜
𝜌𝑜
) 𝜌                                                (5- 4) 
∴  𝜌𝑜 =
𝑚𝑜
𝑚𝑜−?̅?𝑜
                                                          (5- 5) 
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The calculated and measured values of densities of the applied composites are 
listed in Table 5-6, which are well each other. 
Table 5-6 Measured and calculated density values of the composites used 
 
 
 
 
 
5.4.4 Thermal diffusivity  
Thermal diffusivity defines the speed of heat propagation through materials and 
different techniques are available to measure its value (Gallagher, 2012). 
Thermal diffusivities of the tool materials is measured by laser flash method, 
using Nanoflash-xenon apparatus, type 1 x LFA 447 (Netzsch), which was 
calibrated according to the ASTM E-1461-01(2013). The test was performed at 
the mechanical engineering laboratories at the University of Portsmouth, UK as 
follows.  
 Four standard square samples, of 12.7 mm length and 2.5 to 2.9 mm 
thickness, are prepared for each material. Therefore the in-plane 
diffusivity of the CFRP laminate was difficult to measure because the 
laminate thickness is too small for preparing the required specimens. 
 Each specimen is coated initially with graphite spray to reduce the 
radiation effects on the test results. 
 Thickness of each specimen is measured exactly prior to the testing. 
 The four specimens are placed separately into the machine sample 
holders. 
Composite 
type 
Mass Density 
In air In water measured calculated 
g g/cm3 
CFRP 6.95159 2.29264 1.49 1.50 
Al epoxy 8.48824 4.06191 1.92 1.87 
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 The controlling software of the machine is activated to achieve the tests 
automatically at temperatures of 25ᵒC, 50ᵒC, 75ᵒC and 100ᵒC and to 
repeat each test three times.  
In this method Pyroceram is used as a reference material to calibrate the device 
prior to each test and the machine achieves the testing as follows: 
 A laser pulse of short duration, compared to the transient time through 
the sample, heats the front face of the square specimens.  
 The temperature rise, on the specimen rear face, is measured by an 
infrared detector and recorded to plot the signal versus time.  
 The half rise time (t1/2), which equals the required time to heat the back 
face of the specimen to 50% of its maximum temperature, is taken from 
the plotted signal versus time. 
  Finally, as mentioned by Nunes dos Santos et al. (2005), the thermal 
diffusivity is calculated by the following formula.  
∝=
0.139 𝑡𝑠
2
𝑡1 2⁄
                       (5- 6) 
The measured diffusivities and their average for each material sample at each 
temperature are listed in Table 5-7. 
 Table 5-7 Diffusivity of the applied composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
Material 
Temperature 
(◦C) 
Diffusivity (mm
2
/s) 
Sample1 Sample 2 Sample3 average mean 
CFRP 
(in-plane) 
25 0.335 0.439 0.416 0.397 
0.4215 
50 0.477 0.458 0.439 0.458 
75 0.447 0.442 0.406 0.432 
100 0.422 0.390 0.385 0.399 
Al/epoxy 
(isotropic) 
25 0.889 0.892 0.885 0.889 
0.8073 
50 0.863 0.865 0.862 0.863 
75 0.799 0.795 0.794 0.796 
100 0.680 0.685 0.678 0.681 
Pyroceram 
25 1.984 1.994 1.984 1.987 
1.8328 
50 1.890 1.906 1.872 1.889 
75 1.785 1.777 1.774 1.779 
100 1.670 1.678 1.680 1.676 
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5.4.5 Specific heat capacity 
Specific heat is the amount of heat required to change the temperature of unit 
mass of a material by one degree. Thermoanalytical technique of Differential 
Scanning Calorimetry (DSC), as mentioned by Cassel et al. (2012), is used to 
measure the specific heat according to ASTM E2716 – 09 (2014). In this PhD 
study a PL-DSC apparatus, calibrated by Thorn Calibration Service, is applied. 
As shown in Figure 5-13, it has two sample holders that are mounted 
symmetrically inside an enclosure held normally at room temperature (Kaiser et 
al., 2014).  
 
Figure 5-13 Schematic of a heat flux DSC cell (Kaiser et al., 2014)  
 
The device contains two (primary and secondary) temperature control systems. 
The first is a platinum resistance thermometer controls the average temperature 
of the sample holders, while the second measures the temperature difference 
between the sample holders and adjusts the difference to zero by controlling the 
total heating power. The heating elements are embedded in the sample holders 
and the differential power is measured and recorded. 
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Measuring of the specific heat by DSC is based on the difference between the 
amounts of the heat flows into each of the material sample and the reference or 
standard material (sapphire), which are derived as function of temperature or 
time (Tavman et al., 2011; Young & Whitaker, 1973). The procedure of heat 
capacity test is achieved as follows. 
 Five small circular specimens, as shown in Figure 5-14, are prepared for 
each material with sizes suitable to seal into the sample pan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-14  The Alepoxy samples for specific heat test. 
 The test specimens and the reference material are weighed with a 
precise balance prior to each test and set into the machine software.  
 An isothermal condition, Figure 5-15, is used for the test runs, which 
starts from Initial baseline temperature, equilibrate for 2 min isothermally 
at 35ᵒC, scan dynamically at 5ᵒC/min over the temperature range from 
35 to 70ᵒC and then equilibrate isothermally at 70ᵒC for 2min. 
 An initial run is performed, to obtain the thermogram of the reference 
material, by placing the sample pan containing the sapphire in the 
sample holder and an empty pan in the reference holder (O'neili, 1966; 
The Samples 
Sample Pan 
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Young & Whitaker, 1973). Knowing that the sapphire is 60.066 mg 
weight and has a specific heat capacity of 0.8188 J/g.ᵒC (J/g.K). 
 The second run is carried out with no sample present in both the sample 
and the reference holders to establish a baseline, which indicates 
isothermally the differential losses of the two sample holders at the initial 
temperature (Cassel et al., 2012; Exstar, 1981).  
 The final runs are performed to the material samples separately by 
placing the sample in the sample pan and the empty pan in the reference 
holder. 
 
Figure 5-15 Heating and heat flow curves of an Alepoxy specimen during 
specific heat test by DSC device.  
 
 
Figure 5-16 illustrates the superimposed plots of the three thermograms for 
calculating diffusivity of one of the Alepoxy samples. The abscissa of the 
thermograms represents temperature, while the ordinate represents both the 
rate of heat absorption by the material (on the left) and the deflection amount of 
the thermograms (on the right). 
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Figure 5-16  Thermograms of specific heat testing for an Alepoxy sample. 
 
After calculating the amounts of thermogram deflections of the empty pan, 
sapphire, and the material specimens, as listed in Table 5-8, the specific heat of 
the material samples can be calculated as follows (O'neili, 1966; Young & 
Whitaker, 1973). 
𝑐𝑝𝑠 =
mr(𝑦𝑠−𝑦𝑒)
ms(𝑦𝑟−𝑦𝑒)
𝑐𝑝𝑟               (5- 7) 
 Table 5-8 Specific heats of the composite materials. 
 
  Figure 5-17 illustrates slow increment of specific heat versus temperature 
rising for an Alepoxy sample. Accordingly the average of specific heat of the 
Alepoxy specimen, between the both dwell temperature of 35ᵒC and 65ᵒC, is 
0.9556 J/g.ᵒC that agree well with the analytically calculated value (Table 5-8).  
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Sample  
No. 
Pan Sapphire Alepoxy CFRP  
𝒚𝒆 𝒚𝒓 𝒎𝒓 𝒄𝒑𝒓 𝒚𝒔 𝒎𝒔 𝒄𝒑𝒔   𝒚𝒔 𝒎𝒔 𝒄𝒑𝒔 
mm mm g J/g.ᵒC mm g J/g.ᵒC mm g J/g.ᵒC 
1 
4.0 39.3 0.06 0.819 
60.5 0.08 1.0370 55.6 0.07 0.9886 
2 61.7 0.09 0.8858 49.8 0.07 0.9554 
3 61.9 0.09 0.8842 50.7 0.07 0.9478 
4 61.6 0.09 0.9524 52.1 0.07 0.938.9 
5 60.9 0.08 0.9603 54.2 0.07 0.9991 
Average 61.3 0.09 0.9402 52.5 0.07 0.9662 
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Figure 5-17 Heat flow rate and specific heat of an Alepoxy specimen versus 
temperature  
5.4.6 Thermal Conductivity 
The thermal conduction coefficient represents the heat transferability of 
materials. Various possible experimental methods are available for calculating 
thermal conductivity, which are classified into two categories of steady-state 
and transient methods. In this PhD study, thermal conductivities of the isotropic 
Alepoxy mixture and the CFRP laminate (out-plane) are calculated, after 
measuring their density, thermal diffusivity and specific heat, as listed in Tables 
5-9 and 5-10, respectively, using the following equation (Joven et al., 2012; 
Kaiser et al., 2014).  
𝑘 =∝ 𝜌𝑐𝑝                      (5- 8) 
Results show that the thermal conductivity of Alepoxy mixture is about 1.5 
W/m.K and out-plane thermal conductivity of the CFRP laminate is 0.6 W/m.K. 
The in-plane diffusivity of the laminate is not easy to measure, as illustrated in 
Section 5.4.4, therefore the in-plane thermal conductivity of the laminate was 
determined by ROM depending on the calculated out-of-plane thermal 
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conductivity and that of the fibre reinforcement (21.6 W/m.K) was taken from 
literature (MatWeb, 2014). 
 Table 5-9 Isotropic thermal properties of the Alepoxy mixture 
 
 
 
 
 
 
 
 
 
Table 5-10 Orthotropic thermal properties of the CFRP laminate 
 
 
 
 
 
 
 
 
5.5 Measuring apparatuses 
Different apparatuses, e.g. thermal camera, thermocouples and flowmeter, are 
utilised for measuring the desired temperature and flow rate during application 
of the experimental tool.  
5.5.1 Emissivity of the CFRP laminate for thermal camera 
Measurement of temperature by the thermal camera depends on the emitted 
infra-red radiation, therefore the most important parameter is emissivity, which 
represents the ability of the object to absorb, transmit and emit infrared energy, 
compared to that of a perfect black body at the same temperature (Neuer, 1992; 
Orlove, 2012). Emissivity ranges from that of shiny mirror to that of black body 
and equals 0 and 1, respectively. When a higher value than the actual 
Sample 
 No 
∝𝐀𝐥𝐞𝐩𝐨𝐱𝐲 𝝆𝐀𝐥𝐞𝐩𝐨𝐱𝐲 𝒄𝒑𝐀𝐥𝐞𝐩𝐨𝐱𝐲   𝒌𝐀𝐥𝐞𝐩𝐨𝐱𝐲 
m2/s kg/m3 J/kg.ᵒC W/m.ᵒC 
1 
8.1 X 10-7  1917 
1037.0 1.6 
2 885.8 1.4 
3 884.2 1.4 
4 952.4 1.5 
5 960.3 1.5 
Average 
 
943.9 1.5 
Sample 
 No 
∝𝐂𝐅𝐑𝐏 𝝆𝐂𝐅𝐑𝐏 𝒄𝒑𝐂𝐅𝐑𝐏 𝒌𝐂𝐅𝐑𝐏 
m2/s kg/m3 J/kg.ᵒC W/m.ᵒC 
out-plane In-plane All directions out-plane In-plane 
1 
4.2 X 10-7  -  1500 
988.6 0.62 
3.00 
2 955.4 0.60 
3 947.8 0.60 
4 938.9 0.59 
5 999.1 0.63 
Average  966.0 0.60 
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emissivity is set in the thermal camera, the output temperature will be lower 
than the target and vice versa (Transcat, 2014), therefore the actual emissivity 
of the tested object must be set in the camera to obtain actual surface 
temperature. Li & Strider (2009) concluded that the effective emissivity value of 
a high-temperature CFRP composite surface depends on fibre-matrix 
emissivity, fibre volume fraction, ratio of protrusion length (fibres protruding out 
from composite matrix) to fibre radius and the perpendicular or the parallel edge 
fibre orientation. Also they found that the carbon-carbon composite with a 
volume fraction of 0.30 has an emissivity equals 0.8.  
The reference method, as described in ISO 18434-1, is applied in this PhD 
study to determine the emissivity of the CFRP surface of the experimental tool. 
The method is suitable for objects with temperatures up to 260ᵒC and  based on 
applying a reference black material of known emissivity to determine that of the 
desired material (T&PI, 2014). The emissivity test procedure is achieved as 
follows. 
 A rectangular area of 80 x 140 mm2 at the centre of the tool face (Figure 
5-18) is covered by the black PVC tape (Wilko BS3924) as the reference 
surface, which has an emissivity of 0.95.  
 After adjusting the thermal camera over the tool face, the test location 
(Figure 5-19) is covered to shield the camera from the effects of 
surrounding radiation and the external lights as much as possible.  
 The tool surface (Figure 5-20) is heated up to 75ºC (because the tape 
suitability is limited to 80ºC).  
 Temperature of the tool surface is measured at the taped location by the 
thermal camera and then the tape is removed. 
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Figure 5-18 Black tape on the tool face as a reference for measuring emissivity. 
 
 
 
 
 
 
 
 
 
 
Figure 5-19 Covering the test location during the emissivity measuring test. 
 
 
 
 
 
 
 
 
 
Figure 5-20  Thermal image of the tool surface at steady state temperature.  
Covering 
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 Temperature of the tool face (without tape) is measured repeatedly by 
the thermal camera at different emissivity values ranging from 0.8 to 1.  
 The distribution of temperature along the measured surface (the plotted 
red line in Figure 5-20) is calculated for each test case by the MicroSpec 
software and plotted in Figure 5-21.  
Accordingly the most appropriate value of the tool face (CFRP laminate) 
emissivity of 0.94 is calculated by which the maximum uncertainty in 
temperature measurement with the thermal camera will be about 0.2ºC.        
 
Figure 5-21 Temperature distribution along a specified line over the tool face, 
with and without tape 
 
5.5.2 Error estimation test for the thermocouples  
Thermocouples consist two dissimilar metallic wires, Figure 5-22, that are 
welded at one end separated with insulated leads and temperature 
measurement at the other (Huber, 2013). Thermocouples generally have a very 
low temperature to voltage sensitivity, therefore any temperature difference 
between their hot and cold junctions generates electrical voltage in the loop due 
to the Seebeck effect (Maxim-Integrated, 2007). Typically the output signals of 
thermocouple are in the millivolt range. In the most common configuration of 
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thermocouples a third intermediate metal and two additional junctions are 
introduce into the loop (Figure 5-22), as long as these additional junctions are 
remain at the same temperature the intermediate metal has no effect on the 
output voltage (Maxim-Integrated, 2007).   
 
Figure 5-22 Thermocouple configuration (Huber, 2013). 
The flexible K type thermocouples, made by Labfacility, are applied for 
measuring the surface and the interface temperatures of the tool. Each has a 
copper disc of 6.5 mm diameter and 0.3 mm thick welded to the hot junction. 
The measurement rang of the thermocouples is from 0ºC to 200ºC with a 
tolerance of ±2.5ºC according to IEC 584-2 specification (formerly 
BS4937:1983). 
Different sources of errors may affect the accuracy of thermocouples, such as 
noise, offset and gain errors, cold-junction compensation (CJC) accuracy and 
thermocouple errors (NI, 2011). So they must be taken into account and careful 
attention must be paid during temperature measurement. The thermocouples 
are tested experimentally to estimate the accuracy compared to the thermal 
camera and oven (Huber, 2013).  
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5.5.2.1 Oven method for error estimation test  
This method compares the measurements of two thermocouples with that of an 
oven. One of the thermocouples is connected to a sample of CFRP laminate 
and the other is left free in the oven as shown in Figure 5-23.  
 
Figure 5-23 The thermocouples during the oven error estimation test 
The oven temperature controller is set to heat the oven from ambient 
temperature to 90ºC with a ramp of 1ᵒC/min with two dwells of 5 min and 20 min 
at 30ºC and 90ºC, respectively. The measured transient temperature by the 
oven and each of the free and connected thermocouples, during the heating 
cycle, are plotted in Figure 5-24. Results show that the thermocouples are 
reading 2ºC lower than the oven, but it is still within the specified tolerance of 
±2.5ºC.  
 
Figure 5-24 Heating curve of the oven with a ramp of 1 ᵒC/min 
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5.5.2.2 Infrared camera method for error estimation test  
In this method the tool surface temperature, as shown in Figure 5-18, is 
measured simultaneously by four K type thermocouples, connected to the tool 
face, and the thermal camera adjusted to emissivity of 0.94. results show that 
measurements of the thermocouples compared to that of the camera, Figure 5-
25, are lower by about 2.4ᵒC , but still within their specified tolerance. 
 
Figure 5-25 Heating curve of the centre of tool face measured by thermocouple 
and thermal camera. 
5.5.3 Calibration of the flowmeter 
The piping system in experimental tool contains many reasons of flow restriction 
(e.g., pipe surface, pipe length, water blocks, tubing bends, and fittings) that 
drop pressure and decrease the flow rate provided by the pump, as shown in 
Figure 5-26 (Vesilind, Perirce & Weiner, 1994). Therefore the flow rate is 
measured prior to the experiments to ensure from the actual value that 
generates turbulent flow. In this PhD study a liquid vortex OVAL Eggs Delta 
flowmeter (model FLM21-10PCW from Icenta) is used for measuring the flow 
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rate at the main inlet of the experimental tool. The flowmeter is calibrated 
gravimetrically as follows (Baker, 2000; Satterfield, 2013). 
 The flowmeter is connected to a mains water tap that facilitates 
controlling the amount of flow rate through the flowmeter. 
 After fixing the flow rate by the tap and flowmeter, the time to fill a vessel 
of 21.8 litre volume completely is measured by a stop watch and 
recorded.  
 Previous test is repeated five times with different flow rates and three 
iterations for each test. 
The average time of filling the vessel, proposed (measured by the flowmeter) 
and calculated volumetric flow rates of each test are listed in Table 5-11, while 
the flow rate is calculated according to the following relation. 
𝑄𝑓 =
𝑉v
∆𝑡
                           (5- 9) 
Table 5-11 Calibration results of the flowmeter, vessel volume = 21.8 litres 
 
 
Figure 5-26 Typical pump curve (Vesilind, Perirce & Weiner, 1994) 
Test number 1 2 3 4 5 
Flowmeter measurement  l/min 3.365 6.03 8 8.54 10.73 
Vessel filling time  min 6.78 3.58 2.68 2.52 1.98 
Calculated volumetric flow rate  l/min 3.21 6.08 8.12 8.66 10.99 
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Amounts of the flow rates measured by the flowmeter, during calibration, are 
plotted versus those calculated, as shown in Figure 5-27, that confirms the high 
accuracy of the flowmeter. 
 
 
 
 
 
 
 
Figure 5-27 The flowmeter calibration test results.  
5.6 Numerical simulation of the experimental tool 
Due to the modifications achieved in the predicted optimal design (Section 5.2), 
a model of the experimental tool is simulated to investigate the performance of 
heating time and temperature uniformity over the tool face. A target temperature 
of 81ºC is considered to avoid uncertainties as the operating temperature is 
approached asymptotically. Actual boundary conditions and material properties 
are set during simulation to obtain most actual results (ANSYS, 2009). The 
governing equations of transient heat convection and diffusion are presented in 
Section 4.5.1.   
5.6.1 Tool modelling 
Using symmetry, a quarter of the experimental tool geometry, as illustrated in 
Figure 5-28, is modelled in ANSYS workbench. The model parts are divided into 
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3.1 x 105 tiny elements. The mesh quality was evaluated, through the available 
metric function of the software, and indicated that the orthogonal quality of the 
cells are close to 1, the cell skewness values are below 0.9, while the sudden 
and large changes was avoided in cells to achieve best aspect ratios. 
 
Figure 5-28 Geometry of the simulated part of the tool 
The actual thermal properties of the tool materials (Table 5-12) are set. The 
inner surfaces of the channel branches are set as convection boundary, in 
contact with the circulating water at 90ᵒC. This temperature assumption could 
be provided well practically for the industrial sites with established adequate 
resources (Ding et al., 2001). 
Table 5-12 Thermal properties of the experimental tool materials 
Material Direction 
𝝆 𝒄𝒑 ∝ 𝒌 
Kg/m3 J/kg.ᵒC m2/s W/m.ᵒC 
CFRP 
In-plane 
1500 966.0 
- 3 
Out-plane 4.2X10-7 0.6 
Alepoxy Isotropic 1917 943.9 8.1X10-7 1.5 
Copper Isotropic 8933 385 1166X10-7 401 
According to the amounts of fluid velocity in each channel (Table 5-1) and 
properties of water at 90ºC (Appendix D), the Reynolds number in all channels 
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is higher than 104, therefore the heat transfer coefficient can be calculated 
(Table 5-13) according to the empirical Equation 3-1. The difference of heat 
transfer coefficients between the channels backs to the fluid velocity variance 
that affects the Reynold number. 
 Table 5-13 Heat transfer coefficient in the parallel channels, water properties at 
90ᵒC 
 
 
 
 
 
 Free air convection is assumed at the tool face, but other faces are assumed to 
be adiabatic; in practice they are insulated with 72 mm of PVC foam with 
ambient temperature 17ᵒC, the mean mould and the air film temperatures are 
53.5ᵒC and 35ᵒC, respectively, according to Equation 2-28. So the properties of 
air, as listed in Table 5-14, are taken from Holman (2002). Since the Rayleigh 
number (according to Equation 2-27) is between than 104 and 109, the heat 
transfer coefficient into air, at the tool surface, is 5.7 W/m2.K according to 
Equation 3-2. As illustrated in Section 4.6.6 the proper value of 1s is ultimately 
defined as time step size.  
 
 Table 5-14 Air properties at atmospheric pressure and air film temperature of 
35ᵒC (Holman, 2002) 
Channel No. 
𝑢 𝑅𝑒𝐷 ℎ 
m/s - (W/m2.K ) 
1 
(Outer channel) 
0.52 13634 4815 
2  0.55 14421 5036 
3  0.57 14945 5182 
4 
(Inner channel) 
0.61 15994 5471 
Density 
Specific 
 Heat 
Thermal 
Conductivity 
Expansion 
Coefficient 
Thermal  
Diffusivity 
Kinematic  
viscosity 
Prandtl  
No. 
Rayleigh 
 No. 
𝜌   𝑐𝑝   𝑘  𝛼 ∝ 𝜐 𝑃𝑟  𝑅𝑎𝐿 
kg/m
3
 kJ/kg.K W/m. K 1/K m
2
/s m
2
/s - - 
1.147 1.005 2.68 x 10
-2
 3.26 x 10
-3
 2.26 x 10
-2
 1.65 x 10
-5
 7.1 x 10
-4
 7.59 x 10
5
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5.6.2 Simulation results (case1) 
The numerical-calculated temperature at the ‘slowest’ corner and the centre of 
the heated area at the tool face are plotted in Figure 5-29 for comparison. 
Accordingly the ‘heating time’ (the time to reach a target temperature of 81ºC) of 
10.3 min is calculated. 
 
Figure 5-29 Numerical heating curves of points at the centre and slowest 
corner at the tool model face. 
 
Figures 5-30 and 5-31 show temperature distribution over the whole (heated 
and extended) part of model tool surface and the heated part only, after the 
defined heating time, indicating that the maximum temperature over the tool 
face is 86.2ᵒC.  
 
Figure 5-30 Numerical thermal image of the tool model surface (case 1), 
 Ht =10.3 min  
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Figure 5-31 also shows temperature decreasing zone near the edges of the 
heated part that starts from the slowest heated point reached 81ºC. 
 
Figure 5-31  Numerical thermal image of the heated part of tool model surface 
(case 1), Ht = 10.3 min  
 
 
Temperature distribution along the width of the heated part of the tool model 
face (the yellow line in Figure 5-31) is plotted in Figure 5-32. 
 
Figure 5-32 Temperature distribution along the half width of the heated part of 
the tool model surface (case 1), Ht =10.3 min  
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According to the numerical results of case1, following points could be concluded 
for comparison with the experimental results: 
 Maximum temperature over the tool face is 86.2ᵒC. 
 Heating time per unit mass is 1.6 min/kg are according to the heating 
time and the total mass of experimental tool is 6.3 kg (Table 5-4). 
 The average area temperature at the heated part area is 84.6ºC and 
accordingly the temperature variance equals 3.6 ºC.  
 Width of the thermal gradient zone, from each edge, is about 12 mm. 
 Temperature variance along the temperature decreasing zone is about 
11ᵒC. 
  Temperature of a point over the outer channel is lower than the others by 
about 1ºC.  
 The temperature difference between the points over the channels, except 
the outer, and their middles is about 1.6ºC.  
5.7 Experimental work 
5.7.1 Test rig construction  
The experimental test rig (Figure 5-33) consists of the tool connected to a 
heating unit that has a temperature controller TT-188, type B-0558 produced by 
Switzerland Tool-Temp Company. The unit is designed to heat water up to 90ᵒC 
with capacities of 3kW, 6kW and 9kW. It contains a 6 litre filling tank and a 
centrifugal pump that can provide maximum flow rate of 75 l/min at 4.5 bar 
pressure. The test rig also includes a flowmeter (Section 5.5.3) to measure the 
total actual flow rate at the main tool inlet, which is connected temporarily due to 
its temperature limitation (up to 80ᵒC).  
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Figure 5-33 Test rig construction  
The basic three parts of the test rig are connected temporarily by plastic tubes 
of 10 mm outside diameter. A USB-TC data acquisition (DAQ) system with eight 
Input channels is applied to record thermocouple outputs. As well as the 
permanent embedded thermocouples at the interfaces (Section 5.3.5); some 
others are joined temporarily to the inlet, outlet and the tool surface centre and 
corners. An Infrared camera is installed vertically over the tool face to monitor 
and measure the temperature of the tool surface through thermal images 
capture.  
5.7.2 Experimental test 
Initial tests found that the cold water, during tool heating, needs about 10 min to 
reach 90°C from the ambient (initial) temperature of 17°C, as shown in Figure 5-
34. Also the slowest corner on the tool face reaches the target temperature of 
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81ºC, after about 18 min. Therefore the subsequent experiments were 
performed by pumping hot water, at 90°C, into the tool channel as assumed in 
the numerical analysis (Section 5.6.1).   
 
Figure 5-34 Heating curve of points at the inlet and slowest corner of the tool 
face, the water is cold initially. 
As shown in Figure 5-35, hot water also requires 2.8 min to reach 90°C due to 
the delay in connecting the heating unit with the tool and also refilling the 
heating unit with extra water to replace the spilled during connection.  
 
Figure 5-35  Heating curve of a point at the tool inlet, the water is hot initially. 
Figure 5-36 presents temperature-time curves of points at the centre and the 
slowest corner of tool surface measured by the thermocouples and the thermal 
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camera. The temperature measured by the thermocouples is lower than that by 
thermal camera due to the systematic error mentioned in Section 5.5.2. It is 
concluded that the heating time (time required for the slowest corner to reach 
the target temperature) with hot water is 12.8 min; the actual value is 10 min if 
the delay time of 2.8 min as the water heated up to 90ºC is deducted.  
Figure 5-36 Experimental heating curve of points at the centre and corners of 
the tool face, the water is hot initially. 
The image of the experimental tool face captured by the thermal camera with 
emissivity of 0.94, after 10 min heating, is illustrated in Figure 5-37. The black 
rectangular area is used by the camera’s MicroSpec software to calculate area-
weighted average temperature. 
   
Figure 5-37  Experimental thermal image of the tool face, Ht = 10 min, 
emissivity = 0.94 
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 Temperature distributions along the width of the tool face (the red line in Figure 
5-37), are defined by the MicroSpec software at different times of heating and 
plotted in Figure 5-38.  
 
Figure 5-38 Experimental distribution of temperature along the width of the tool 
surface at different times of heating.  
Accordingly the temperature difference between the points over the channels 
and their middles is about 4°C during the initial stages of heating and reduces to 
about 1.6°C at the steady state. A temperature decrease can be seen at the 
both edges of the heated area. Figure 5-39 is plotted by the MicroSpec software 
and illustrates the temperature distribution along the half width of the 
experimental tool. The relation is re-plotted in Figure 5-40 versus tool width for 
further illustration. 
 
 
 
 
 
 
Figure 5-39 Experimental distribution of temperature along a half width of the 
tool face, Ht = 10 min, plotted by the MicroSpec software 
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Figure 5-40 Experimental temperature distribution along a half width of the tool 
face, Ht = 10 min  
 
The following points are drawn from the experimental results to compare with 
that of the simulation: 
 Maximum temperature over the tool face is 87ᵒC. 
 Heating time per unit mass is 1.59 min/kg are according to the heating time 
and the total mass of experimental tool is 6.3 kg (Table 5-4). 
 The average area temperature at the heated part area is 84.9ºC and 
accordingly the temperature variance equals 3.9 ºC.  
 Width of the temperature decreasing zone, from the edges, is about 17 mm.  
 Temperature variance along the thermal gradient zone is about 16ºC. 
  Temperature of a point over the outer channel is lower than the others by 
about 1.3ºC.  
 The temperature difference between points directly over the channels, 
except the outer, and their middles is about 1.7ºC. 
5.7.3 Experimental verification 
In order to facilitate their comparison, the numerical and experimental results 
are plotted or listed together as follows: 
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 The numerical and practical thermal images of the experimental tool face 
are shown together in Figure 5-41 and show that the temperature 
distributions resulted largely similar.  
Figure 5-41 Numerical and experimental thermal images of the tool surface at 
the corresponding heating times. A: quarter of the tool model surface, numeri-
cally.  B: total tool surface, experimentally by thermal camera. 
 The experimental and numerical isotherm profiles, along a half width of 
the tool surface (lines showed in Figure 5-41), are presented together in 
Figure 5-42.  
 
Figure 5-42 Experimental and numerical temperature distribution along a half 
width of tool face, at the corresponding Ht. 
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The maximum difference between the numerical and practical 
temperatures over the tool face varies between 0.3°C and 1°C, which 
shows a good agreement between the two results. The temperature 
decrease at the edge is similar for both, although the width of the 
experimental profile is larger by 6 mm. 
 The numerical and experimental transient temperature curves of the 
slowest corner of the tool face are plotted in Figures 5-43. They show 
that the experimental heating time is higher due to the delay in the hot 
water in reaching the desired maximum temperature of 90ºC (Section 
5.7.2). The thermocouple measurements did not match those of the 
thermal camera due to the systematic error estimation, but it is 
acceptable because it falls within the specified tolerance (Section 5.5.2). 
 
 Figure 5-43 Experimental and analytical heating curve of a point at the slowest 
tool corner.  
The various thermal results are summarised in Table 5-15 for comparison and 
further validation. The table also includes the predicted values of the two 
optimal designs and their limits that are illustrated in Section 4.8.3. 
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Table 5-15 Numerical and experimental analysis results of the tool testing, in 
addition to the predicted optimal values, tool mass is 6.3 kg and target 
temperature is 81ºC.  
Factors of comparison Units 
Simulation 
(case 1)  
Experimental 
Predicted 
Optimal 
values  
with limits 
Heating time min 10.3 10 - 
Heating time per unit mass min/kg 1.6 1.59 
1.4±0.77 
(For  the A3B3C2 
optimal design) 
Area average temperature ᵒC 84.6 84.9  
Temperature variation over the tool 
face 
ᵒC 3.6 3.9 
4.7±0.4 
(For  the A3B3C1 
optimal design) 
Width of temperature decreasing  
zone (from the edges) 
mm 12 17 - 
Temperature decrease at the tool 
edge 
ᵒC 11 16 - 
Temperature difference between 
 the outer and the inner channels 
ᵒC 1 1.3 - 
Temperature difference between 
 the points over the inner channels 
(except the outer) and their 
between 
ᵒC 1.6 1.6 - 
The good agreement between experimental and numerical results confirms that 
the numerical analysis is successful in defining the heating performance of 
composite tooling and also that appropriate boundary conditions and material 
properties were used for simulation. The experimental results also confirm that 
the predicted optimal design of heating time per unit mass (A3B3C2), illustrated 
in Chapter 4, falls within the predicted limits set by the confidence interval in 
Section 4.8.3.  
the experimental heating time per unit mass is slightly higher than the predicted 
basic value (without limits) of the optimal design (A3B3C2) as will the 
experimental heating time of the tool (with the amended design) is slightly larger 
than the theoretical value, while heating time is inversely proportional to surface 
average area temperature (Tave), as concluded previously (Figure 4-16). 
Accordingly Tave over the face of the tool will be lower than the optimal design 
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as will the temperature variation (difference between Tave and target 
temperature of 81ºC). This explains why the temperature variation over the 
experimental tool is lower than that predicted for the second optimal design of 
A3B3C1 (parallel layout, rectangular profile and 50mm separation of the 
channel).  
The channel distance and low thermal conductivity of the existing materials are 
the main causes of temperature variation perpendicular to the channel 
alignment, because the heat requires more time (higher than the target heating 
time) to spread uniformly through the tool material.  
5.8 Improved tool design (case 2)  
In order to define effects of the tool face side extensions and flow rate 
difference between the channels on the heating performance of the tool, a new 
case (case 2) of the tool model (Figure 5-44) without the extended sides  and 
even flow rate was modelled in ANSYS workbench. Equal flow rate of 1.96 l/min 
is assumed in the parallel channels with the corresponding heat transfer 
coefficient of 5127 W/m2.K.  
 
Figure 5-44 Geometry of the improved tool design 
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5.8.1 Simulation results (case 2) 
The transient heating curve of points at the centre and the slowest corner at the 
model surface (case2) is presented in Figure 5-45. It illustrates that the both 
points are heat up simultaneously and the slowest corner reaches the target 
temperature of 81ºC after 6.3min. 
Figure 5-45 Heating curves of points at the centre and corner of the surface of 
the improved design model (case 2).  
Distribution of temperature along the width of the tool face, at the heating time 
of 6.3 min, is shown in Figure 5-46 and average area temperature is 82.3ᵒC.  
 
 
 
 
     
 
   
Figure 5-46 Temperature distribution along a half width of the improved tool 
model surface (case 2), after 6.3 min of heating  
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 However case 2 does not have the problems of thermal decrease near the tool 
edge and temperature difference between the outer channel and the others, the 
temperature difference between the points over the channel and those in the 
middle is very high (4.6ºC), compared to case 1 with the basic design (Section 
5. 6. 2). Therefore another isotherm, along the face width of the improved tool 
design model (case 2), is defined at the heating time of 10.3 min to compare 
with that obtained in Case1 and shown in Figure 5-47 which illustrates that the 
temperature difference between the points over the channel and those in the 
middle is reduced to about 1.6ᵒC.  
 
Figure 5-47 Temperature distribution along a half width of the improved tool 
design model surface (case 2), Ht = 10.3 min  
 
5.8.2 Discussion 
 In order to compare the both test, the isothermal profiles (along the width of 
their heated zone surfaces) are plotted together in Figure 5-48, while the 
transient heating curves of their centre and slowest corner points are presented 
in Figure 5-49. 
Chapter 5. EXPERIMENTAL WATER-HEATED TOOL 
 
 
185 
 
Figure 5-48 Temperature distribution along a half width of the basic and 
improved tool model surfaces, Ht = 10.3 min  
 
 
Figure 5-49 Heating curves of points at the centre and the slowest corner of the 
tool heated zone surface. 
 
Results show that a tool with uniform flow rate and without extended sides can 
perform heating more efficiently with uniform surface temperature without 
temperature decreasing near the edges, because the extended edges of the 
tool face (made of CFRP), in case 1, act as fin in the cooling systems; 
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especially through the in-plane direction, which possess a relatively high 
thermal conductivity, compared to the out-plane.  
5.9 Conclusion 
An experimental tool was manufactured according to the optimal design of 
A3B3C2, which was predicted theoretically, with some amendments to facilitate 
the production and monitoring of heating performances. The thermal properties 
of constituent tool materials and boundary conditions were measured 
experimentally, to set during simulation. A model of the experimental tool is 
analysed numerically for use in a numerical simulation. The experimental tool is 
tested practically to verify the predicted optimal design by numerical results. An 
improved design is proposed to investigate, numerically, the effect of even flow 
rate in the channels and the extensions of the tool surface on the tool heating 
performances. 
Good agreement between the experimental and numerical results was found, 
which confirms the suitability of simulation in optimising heating performance 
and also in appropriate use of the boundary conditions and material properties. 
Experimental results also confirmed that the optimal design of the integrally 
water-heated tool falls within the predicted limits set by the confidence interval 
in section 4.8.3. The improved design shows that both the equal flow rate and 
the tool face without extension provide higher temperature uniformity and 
eliminate the temperature decrease zone (near the tool edges) over the tool 
surface. 
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6.1 Introduction 
As the mission of integrally-heated tools are to heat and provide the required 
curing temperature for processing of composites, they are certainly subjected to 
various types of thermal loads and deformation, arising from the temperature 
variation and CTE mismatch between the tool parts. Thermal loads may cause 
failure the tool and affect its performance, if the tool does not possess adequate 
strength to resist the generated thermal effects. Therefore a factor of safety 
(FoS) is applied to provide a design margin over the theoretical design capacity 
and allow for uncertainty in the design process, which is defined as follows 
(Paik & Thayamballi, 2003). 
FOS = tool strength / thermal load >1                   (6- 1) 
Construction of the heated tool involves different bonded materials (composites 
and metals) with different CTEs and performs heating up to 90ºC suitable for 
curing LMT prepreg (Chapters 4 and 5). The tool structure is simulated in 
ANSYS software to define the behaviour and distribution of the static thermal 
stresses, strains and deformations caused by temperature variation through the 
tool geometry. Two models of a bimetallic strip and hollow cylinder are 
proposed and analysed analytically and numerically to validate the correct 
assignment of material properties and boundary conditions during the numerical 
analysis. The linear mechanical properties and CTEs of the tool materials as 
well as the heating history (transient heating curve) of each tool part (tool 
surface, Mould and channel) are characterised experimentally and set during 
the tool modelling. Finally the numerical results of tool thermomechanical 
behaviour are compared with the measured mechanical properties of the tool 
material, through the calculation of FoS, to predict the safety and durability of 
the tool structure during heating.  
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6.2 Thermomechanical analysis of the heated-tool  
6.2.1 Overview of the experimental heated-tool 
The experimental water-heated tool involves different parts, i.e. tool surface, 
mould and channel that are made of CFRP, Alepoxy and copper, respectively 
(Chapter 5). The materials possess dissimilar thermal properties of conductivity, 
diffusivity and specific heat, which result in different heating rates for each 
material. The tool is suitable for moulding a variety of composites with low 
temperature (90oC) moulding (LTM) liquid resin or prepregs (Chapter 4).   
6.2.2 Tool modelling 
A quarter of the experimental tool, as shown in Figure 6-1, is modelled in 
ANSYS workbench using symmetry. Various meshing methods, e.g. edge 
sizing, sweep and mapped face, are applied to provide lower mesh density 
(fewer nodes) and better grid connection at the interfaces between the tool 
parts (Figure 6-2).  
Figure 6-1 The model of a quarter of the experimental tool 
Chapter 6. THERMOMECHANICAL ANALYSIS OF THE EXPERIMENTAL TOOL 
191 
 
Figure 6-2  Meshing of the experimental tool model. 
The mesh quality, as illustrated in Section 3.5.2, is evaluated through the 
available mesh metric function of the software. The mesh refinement, according 
to the convergence of a critical result of normal stress at a specified point (see 
Figure 6-49) over the tool surface, is also performed (Figure 6-3). Accordingly 
47,160 elements are preferred because it provides accurate results with lower 
running time and PC memory required. 
 
 
 
 
 
Figure 6-3  Evaluation of the mesh quality by mesh refinement. 
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The symmetry face (A), as shown in Figure 6-4, is selected as frictionless 
support face, while the back face (B) of the model is selected to constrain the 
model displacement in z-direction and prevent rigid body motion during 
analysis.  
 
Figure 6-4 The tool model setting for analysis. 
6.2.3 Material properties 
Analysis of the thermomechanical behaviour of the experimental tool under the 
effective thermal loads requires the actual mechanical properties and CTEs of 
the tool materials. Linear mechanical properties and CTE of the tool materials 
are assumed because of their relatively small variation with temperature and the 
small heating range of the tool.  
6.2.3.1 Mechanical properties 
Mechanical properties of pure copper are obtained from that presented in 
literature by Davis (2001), while the macro-mechanical properties of the lumped 
composites (CFRP and Alepoxy) are calculated from that of the constituents 
according to micromechanical rules of mixture (ROM). Alepoxy is a particulate 
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composite with 0.48 fibre volume fraction (Section 5.3.3), therefore its isotropic 
(Section 5.4.2) mechanical properties, as listed in Table 6-1, are defined from 
that of the constituents obtained from literature by the transverse rule of mixture 
as follows (Richardson, 2012):  
𝑃𝑐𝑜 =
𝑃𝑓𝑃𝑚
𝑃𝑚𝑉𝑓+𝑃𝑓(1−𝑉𝑓)
                       (6- 2) 
 Table 6-1 Isotropic mechanical properties of Copper, Alepoxy and its 
components, (Vf = 0.48). 
1.(Davis, 2001)  2.(East Coast, 2013; Sicomin-Composites, 2013)  
The CFRP laminate is an orthotropic composite and mechanical properties of 
the constituents (carbon non-crimp triaxial fibre and SR8100 epoxy) are defined 
in Autodesk (2013) software, according to the following plan, as illustrated in 
Figure 6-5.  
 The flexural modulus of the tool face (CFRP laminate) is measured 
practically, using three-point bending test in accordance with ASTM 
D790-07 at a span to depth ratio of 32 (Petrescu, Mohora & Ispas, 2013). 
The flexural test is performed on an Instron 3367 machine, after 
preparing the uniform rectangular specimens following the proper 
methodology as defined by Dowling et al. (2013), Philpot (2011 ) and 
(1998). A flexural modulus of 44.28 GPa is obtained for the CFRP 
laminate.  
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(particle) 
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(SR8500) 
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Poisson’s ratio 𝜈 - 0.34 0.345 0.336 0.34 
Modulus of Elasticity 𝐸 
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11x10
4
 71x10
3
 3350 6170 
Shear Modulus 𝐺 41x10
3
 26x10
3
 2402 2300 
Ultimate tensile strength 𝜎𝑢𝑇 430 310 80 124 
Ultimate  Compressive  strength 𝜎𝑢𝐶 - 430 607 120 195 
Shear strength 𝜏 172 207 108 140 
Tensile yield strength 𝜎𝑦𝑇 280 
280 70 110 
Compressive yield strength 𝜎𝑦𝐶 -280 
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 Different CFRP laminas with the actual volume fraction of 0.53 are 
designed by the available matrices and carbon fibres in the Autodesk 
software, Figure L-1 (Appendix L). 
Building a Lamina in Autodesk 
Building a  Laminate in Autodesk 
Are 
Eb expr = Eb auto
NO
Calculating the Laminate Orthogonal 
Properties by [Rules of Mixture] 
Yes
Selecting the Fibre and Matrix in 
Autodesk 
Performing  Flextural Test experimentally
Calculating Flextural Modulus [Eb exp ] 
Calculating Flextural Modulus
 [Eb auto] of the Laminate in Autodesk
 
Figure 6-5 Plan of calculating the mechanical properties of CFRP laminate.  
 Autodesk defines properties of each lamina formed (Figure L-2). 
 Different CFRP laminates, with a fibre orientation of [45, 0,-45,-45, 90, 45] 
s and a ply thickness of 0.26 mm, are built in Autodesk by each of the 
aforementioned laminas (Figure L-3). 
 Autodesk also defines the properties of each laminate constructed 
including flexural modulus as shown in Figure L-4. 
  The calculated flexural modulus of each laminate, constructed in 
Autodesk, is compared with that calculated experimentally to find the one 
most similar and its mechanical properties are considered as those of the 
real CFRP laminate.  
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Figure L-4 illustrates the orthotropic properties of the selected (the one most 
similar) laminate, which has a closest flexural modulus of 44.05 GPa. Its 
constituents are (T300 Carbon) and (MY750-Epoxy) with the mechanical 
properties indicated in Figure L-5. Accordingly the desired orthotropic 
mechanical properties of the actual CFRP laminate are defined (Table 6-2).   
Table 6-2 Orthotropic mechanical properties of the CFRP laminate, Vf = 0.53 
6.2.3.2 Coefficient of thermal expansion (CTE)  
The electrical resistance strain gauge is the most common technique for 
measuring coefficient of thermal expansion (CTE) in accordance with the  
ASTM D5335-14 standard test method (NEN, 2014). The method determines 
the test material CTE by comparing with that of a reference material with a 
known expansion characteristic (IPC, 2000; Joven et al., 2012; Scalea, 1998). 
In this PhD study, a copper plate is selected as a reference material, which is 
analysed by X-ray Fluorescence (XRF) method to define the composition as 
listed in Table 6-3. The analysis is achieved in the School of Geography, Earth 
and Environmental Sciences laboratories at Plymouth University. 
Table 6-3 The reference material (copper) composition, XRF method. 
Properties 
S
y
m
b
o
l 
U
n
it
s
 
Fibre Matrix 
CFRP Laminate 
In-plane Out-plane 
Poisson’s ratio 𝜐 - 
From Autodesk 
0.451 0.219 
Modulus of elasticity 𝐸 
M
P
a
 
35700 8100 
Shear modulus 𝐺 21500 2830 
Tensile strength 𝜎𝑇 3530 80 739 164 
Compressive strength 𝜎𝐶 - 2181 -120 - 490 - 240 
Shear Strength 𝜏 21.94 113 53 50 
Composition Cu Pb Ba Cr Ag Sn Fe V 
% 99.8036 0.1152 0.0303 0.0062 0.0042 0.0113 0.0256 0.0037 
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Consequently the desired CTE of the reference copper plate is defined as that 
of C18700 type copper from literature and equals 17.7x10-6ᵒC-1 (Davis, 2001). 
The applied gauges, in the current test, are linear SGD-10 type and have 
1000Ω resistance, 2.13 gauge factor and ± 0.235% tolerance. The thermal 
expansion tests are achieved as follows. 
 A flat square specimen of 50 mm length and 3 mm thickness is prepared 
for each of the reference (copper), CFRP and Alepoxy materials. 
 Two gauges, as shown in Figure 6-6A, are attached to the Alepoxy 
specimen in the directions of x and y, to capture the expected in-plane 
expansion characteristic of the isotropic Alepoxy, while three gauges 
(Figure 6-6B) are mounted on each of the reference and the CFRP 
samples in the directions of x, y and there between at 45ᵒ because of the 
orthotropic behaviour of CFRP material (Micro-Measurements, 2010; 
Scalea, 1998). 
 
 
 
 
 
 
 
 
 
 
Figure 6-6  CTE test specimens. 
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 A K-type thermocouple (Section 5.5.2) is mounted on each specimen, in 
adjacent to the strain gauges within 6mm, which are connected to a 
USB-TC data acquisition DAQ to indicate the specimen and the gauge 
temperature during heating.  
 The strain gauges are also connected separately to a strain indicator and 
recorder device using quarter-bridge circuits as shown in Figure 6-7. 
 
  
 
 
 
Figure 6-7  Separate quarter bridge circuit method for connecting the strain 
gauges (Micro-Measurements, 2010). 
 
 
The strain indicator device of Micro-Measurement, MM type and P3-
A105 model (± 0.1% reading accuracy of ± 3 count) is produced by 
Vishay precision group to record and save the output data (thermal 
apparent strain) of the strain gauges (Micro-Measurements, 2011). 
Figure 6-8 illustrates the connection mode of strain gauge terminals to 
the channels of the strain indicator. 
 
 
 
 
 
Figure 6-8 Connection of strain gauge terminals to the channels of the strain 
indicator device. 
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 The specimens are placed in an oven (Heraeus type 6420), while they 
are connected to the measuring devices outside the oven. 
 The temperature controller of the oven is set according to a heating 
curve between 30ºC and 90ºC, as illustrated in Figure 6-9, with a ramp 
rate of 2ᵒC/min and two dwells of 1.30 h and 1h, respectively.  
 
 
 
 
 
 
 
Figure 6-9  The heating curve of the specimens during the CTE test  
 The outputs (apparent thermal strain) of the adjacent strain gauges are 
plotted versus the recorded heating temperature. Figure 6-10 shows 
results of the x-axis test. 
 
Figure 6-10  X-axis thermal strains of the specimens. 
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 Consequently the CTE values of the test materials, as listed in Table 6-4, 
are calculated by the following expressions (IPC, 2000). 
αm = αr +
∆εm−∆εr
∆T
                                (6- 3) 
Where   ∆T = Tmax − Tmin ,  ∆εm = εm𝑚𝑎𝑥 − εmmin  and   ∆εr = εrmax − εrmin  
Table 6-4 The tool materials CTE test results. 
 
 
 
 
The CTE test results show that the in-plane (longitudinal and traverse) CTEs of 
Alepoxy are quite similar, but a difference of about ± 0.1 x 10-6 ᵒC-1 exists for the 
CFRP, therefore an average of 1.9 x 10-6 ᵒC-1 is used. The through-thickness 
CTE of Alepoxy is assumed to be equal to its in-plane due to its isotropic 
behaviour (Section 5.4.2), but the out-plane CTE of CFRP laminate differs from 
that of the in-plane because of the orthotropic behaviour. The out-of-plane CTE 
of the CFRP cannot be measured experimentally because its thickness is too 
small, therefore the through-thickness CTE of the CFRP laminate is calculated 
by the ROM according to the in-plane CTE of the laminate and that of the fibre 
equals 1.2 x 10-6 ᵒC-1 (Figure L-5). 
6.2.4 Transient heating boundary of the tool parts 
With a number of K-type thermocouples distributed at the tool interfaces 
between the mould tool face and the channel as well as at the tool back face, as 
illustrated in Section 5.7, the instantaneous temperature change of each tool 
Direction 
 ∆ 𝛆  
(between 30 
ᵒ
C to 90 
ᵒ
C) 
 CTE 
m/m 10
-6 
m/m ᵒC-1 
Cu Alepoxy CFRP Cu Alepoxy CFRP 
in
-p
la
n
e X -4.4 x 10
-4
 1.28 x10
-3
 -1.38 x 10
-3
 
17.7 
32 1.9 
Y -4.6 x 10
-4
 1.33 x10
-3
 -1.41 x 10
-3
 32 1.8 
XY -3.4 x 10
-4
 - -1.27 x 10
-3
 - 2.1 
Average XY measured 32 1.9 
out-plane Z calculated 32 2.26 
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part was measured (Section 5.7.2) at various points and their average is 
defined as the heating curve of the part, as plotted in Figure 6-11.  
 
Figure 6-11 Heating curves of the tool parts. 
Accordingly the fastest and the slowest heated parts, the channel (copper) and 
the tool face (CFRP), respectively, are defined. The maximum temperature 
variation between them is 15.6ᵒC and occurs after about 400s then reduces to 
6.8ᵒC (steady state) at about 800s. Consequently the heating period of 700s is 
selected for defining and setting the transient heating boundaries of each tool 
part during simulation. 
6.2.5 Verification  
Two simple analytical models, a bimaterial strip and a hollow cylinder, are 
proposed in this PhD study to validate the correct assigning of boundary 
conditions and material properties during simulating the experimental tool 
structure under the effective thermal loads. 
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6.2.5.1  Bi-metallic strip model   
 The proposed model, as defined by Eischen et al. (1990), is a bimetallic strip of 
aluminium (at the bottom) and molybdenum (at the top), Figure 2-9, that works 
under an assumed temperature change of 240ᵒC. Dimensions and properties of 
the strip are listed in Table 6-5 and total length of the strip is 50.8 mm. 
Table 6-5 Dimensions and properties of the bimetallic strip (Eischen, Chung & 
Kim, 1990). 
 
The materials of the bimetallic strip model are defined as low (Mo) and high (Al) 
dilatable or expandable according to their thermal expansion. The deflection 
and the normal stress extremes (maximum and minimum) are calculated 
analytically, using Timoshenko’s (1925) model for the bimetallic strip that 
requires calculation of curvature radius, generated axial forces, initially, and 
bending moments, as illustrated in Appendix A (Timoshenko, 1925; Timoshenko 
& Goodier, 1951).  
Half of the bimetallic strip is modelled in ANSYS workbench using symmetry, 
and a frictionless support is imposed at the symmetry plane (A), as illustrated in 
Figure 6-12. Four vortices on the corners of the symmetry plane are selected to 
constrain the motion of model in the z-direction only. The model is meshed by a 
sizing method that enables smooth meshing at the interface and its 
surrounding. Accordingly the model is split into 14.7x103 elements (Figure6-13). 
Details Symbol Units 
Al -Strip Mo - Strip Bi-metallic 
Strip High dilatable Low dilatable 
Height h mm 2.5  2.5  5  
Half length 𝐿 mm 25.4  25.4 25.4 
Width 𝑤 mm 1 1 1  
Modulus of 
 elasticity 
𝐸 GPa 71 325 - 
CTE 𝛼 10-6°C-1 23.6  4.90  - 
Poisson’s ratio υ - 0.345 0.293 - 
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The mesh quality, as illustrated in Section 3.5.2, is also checked through the 
available mesh metric function of the software. 
 
Figure 6-12 Symmetry and displacement surfaces of the bimetallic strip model 
in ANSYS workbench  
 
 
Figure 6-13 Meshing of the bimetallic model, using sizing method 
Distribution of the longitudinal (x-axis) normal stress and directional (y-axis) 
deformation in the bimetallic strip, according to the numerical results, are 
illustrated in Figures 6-14 and 6-15, respectively. Accordingly the maximum and 
minimum amounts are defined and listed with the analytical results in Table 6-6, 
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and absolute difference is calculated between the both values of each 
characteristic.  
 
Figure 6-14 Longitudinal (x-axis) normal stresses in the bimetallic strip. 
 
 
Figure 6-15 Longitudinal (x-axis) deformation in the bimetallic strip. 
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Table 6-6 Numerical and analytical results of  of the bimetallic strip analysis  
 
 
 
 Three paths, as shown in Figure 6-16, are selected on the strip geometry to 
illustrate the generated thermal stresses, strains and deformations along them. 
The arrows show directions of the characteristic measurements.  
 
Figure 6-16 The selected paths in the bimetallic strip  
 
Variation of the longitudinal (x-axis) normal stress, along the paths 1 and 2, is 
illustrated in Figures 6-17 and 6-18, respectively. Out-plane (y-axis) deformation 
of the bimetallic strip, along paths 3, are shown in Figures 6-19.   
 
Figure 6-17 Longitudinal (x-axis) normal stress in the bimetallic strip, along 
path1. 
Analysis methods 
𝜹 𝝈𝑯𝒎𝒂𝒙 𝝈𝑯𝒎𝒊𝒏 𝝈𝑳𝒎𝒂𝒙 𝝈𝑳𝒎𝒊𝒏 
mm MPa 
Analytic 9.23 x 10
-2
 -6.6 -192.6 559 -369 
Numerical 9.17 x 10
-2
 -7.1 -192.53 559.2 -369.4 
Absolute difference percentage 0.7% 0.1% 0.03% 0.03% 0.11% 
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Figure 6-18 Longitudinal (x-axis) normal stresses in the bimetallic strip, along 
path 2. 
 
 
Figure 6-19 Out-plane (y-axis) deformation in the bimetallic strip, along path 3. 
Very low differences are obtained between the numerical and analytical results 
of deflection and normal stress extremes (Table 6-6). Numerical results show 
that the strip bends towards the molybdenum because it has lower CTE. The 
maximum normal stress occurs at the strip interface (Figure 6-17), but 
decreases in a complex manner near the free edges (Figure 6-18), at a distance 
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of about a quarter of the strip length, due to overlapping the bending moments 
generated at the free edges, as shown in Figure 2-9. Also Figure 6-19 illustrates 
that the maximum deformation occurs at the top (concave) and bottom (convex) 
faces of the strip. 
6.2.5.2 Cylindrical Model 
 The tool channel has a cylindrical profile and transfers hot water (at 90ºC) to 
heat the tool from ambient temperature (17ºC), so it is subjected to thermal 
stresses and deformation. Therefore a copper tube of 60 mm length, 5 mm 
external diameter and 0.7 mm wall thickness, is proposed as a validation with a 
temperature variation of 73ºC through the wall thickness. The copper properties 
are listed in Table 6-1. The mathematical model of Timoshenko (1956) for thin 
wall hollow cylinders (Appendix B) is applied to calculate the bending moment 
over the free ends of the model and consequently the maximum amounts of 
thermal-related deformation, strain and stress (longitudinal and tangential) in 
the tube. Then a half-length of the tube (Figure 6-20), due to symmetry, is 
designed in ANSYS workbench with normal meshing that split the model into 
8,436 elements. The model is initially simulated in ANSYS steady-state thermal, 
as shown in Figure 6-21, to define the effective thermal load (temperature 
variation). Then the model structure is analysed numerically, in the ANSYS 
static structural code, under the effective thermal load imported from previous 
thermal analysis. Although the model is axisymmetric, its 3D geometry is 
analysed to offer the best understanding of the structural behaviour of the 
model and half of the model is simulated due to symmetry. 
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Figure 6-20 Modelling of the tube in ANSYS workbench 
 
 
 
 
 
 
 
 
Figure 6-21 Temperature distribution throughout the tube thickness, defined 
numerically 
 
The model side face (B), as shown in Figure 6-20, is selected as a frictional 
support and the outer face of the tube is selected to constrain the model 
displacement in z-direction. The governing equations for the thermal stress are 
as follows (Akbarimoosavi & Yaghoubi, 2014).  
𝜎𝜃 =
𝐸𝛼
(1−𝜐)
1
𝑟2
[
𝑟2−𝑟𝑖
2
𝑟𝑜
2−𝑟𝑖
2 ∫ 𝑇. 𝑟𝑑𝑟 + ∫ 𝑇. 𝑟𝑑𝑟 − 𝑇. 𝑟
2𝑟
𝑟𝑖
𝑟𝑜
𝑟𝑖
]                (6- 4) 
𝜎𝑟 =
𝐸𝛼
(1−𝜐)
1
𝑟2
[
r2−ri
2
ro
2−ri
2 ∫ T. rdr − ∫ T. rdr
r
ri
ro
ri
]                               (6- 5) 
𝜎𝑧 =
𝐸𝛼
(1−𝜐)
[
2
𝑟𝑜
2−𝑟𝑖
2 ∫ 𝑇. 𝑟𝑑𝑟
𝑟𝑜
𝑟𝑖
− 𝑇]                                            (6- 6) 
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Three paths (Figure 6-22) are created on the model, through the length and wall 
thickness, to illustrate distribution of thermal stress, deflection and elastic strain 
along them. The arrows show the direction of the characteristic measurement. 
 
 
 
 
 
 
 
 
 
 
Figure 6-22  The longitudinal and radial paths in the tube model 
The distribution of numerical tangential normal stresses, radial deformation and 
tangential normal elastic strain are illustrated in Figures 6-23, 6-24 and 6-25, 
respectively.  
 
Figure 6-23  Tangential normal stress in the cylindrical model. 
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Figure 6-24 Radial deformation in the cylindrical model. 
 
Figure 6-25  Tangential normal elastic strain in the cylindrical model. 
Accordingly amounts of maximum deformation, strain and stress ranges in the 
rest of the tube body (except the free edges) are defined (labelled in the 
previous figures) and listed in Table 6-7 with that of the analytical results. 
Table 6-7 The analytic and numerical analysis results of the cylindrical model 
 
Analysis 
Method 
𝜹𝒎𝒂𝒙 𝜺𝒎𝒂𝒙 𝝈𝒛 = 𝝈𝜽 
mm mm/mm MPa 
Analytic 2.96 x 10
-3
 5.82x 10
-4
 -109.03 to 97.8 
Numerical 3 x 10
-3
 5.9 x 10
-4
 -107.85 to 98.7 
Absolute  
difference  
1.3% 1.4% 1.3% 
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The tangential normal stress in the tube, along paths 1 and 2, is illustrated in 
Figures 6-26 and shows complex changes near the free edges, along a 
distance of about one twelfth of the total tube length. Also Figure 6-27 shows a 
high tangential stress gradient (-107.85 MPa to 98.64MPa) across the tube wall 
thickness (on path 3).  
 
Figure 6-26 Tangential normal stress along the tube length (paths 1 and 2). 
 
Figure 6-27 Tangential normal stress along the tube wall thickness (path 3). 
The axial and radial deformations on the outer and inner surfaces of the tube, 
along paths 1 and 2, are illustrated in Figures 6-28 and 6-29, respectively, and 
explain that the higher deformation occurs at the free edges of the tube. Figure 
6-30 presents the increment of radial deformation across the tube thickness 
(path 3) ranging between 2.5 x 10-3 to 3 x 10-3 mm.  
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Figure 6-28  Axial deformation on the tube surfaces, along paths 1 and 2. 
 
 
Figure 6-29  Radial deformation on the tube surfaces, along paths 1 and 2. 
 
 
Figure 6-30  Radial deformation along the tube wall thickness (path 3) 
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The radial elastic strain on the tube inner and outer surfaces, along paths 1 and 
2, is shown in Figure 6-31, while Figure 6-32 illustrates the strain gradient 
between - 6.44x10-4 and 5.9x10-4 across the tube thickness (path 3). 
 
Figure 6-31 Radial elastic strain on the tube surfaces along paths 1 and 2 
 
 
Figure 6-32 Radial elastic strain along the tube wall thickness (path 3) 
 
 
Very small absolute differences, as listed in Table 6-7, are found between the 
amounts of maximum analytical and numerical deformations, stresses and 
strains of the model. Also results indicated complex change of the 
thermomechanical characteristics (deflection, stress and strain) near the tube 
free edges.  
-1.E-03
-8.E-04
-4.E-04
0.E+00
4.E-04
8.E-04
1.E-03
0 3 6 9 12 15R
ad
ia
l)
 e
la
st
ic
 s
tr
ai
n
 [
m
m
/m
m
] 
Tube length [mm] 
inner tube face
outer tube face
Free edge 
Chapter 6. THERMOMECHANICAL ANALYSIS OF THE EXPERIMENTAL TOOL 
213 
6.2.5.3 Verification conclusion  
The small absolute difference between the analytical and numerical results of 
both the cylinderical and bimetallic strip models, confirms that boundary 
conditions and material properties have been assumed correctly during the 
numerical analysis of the experimental tool structure, using ANSYS software. 
6.3 Tool simulation results 
Several paths (P1 to P8), as shown in Figure 6-33, are selected along the tool 
longitudinal (x-axis), traverse (y-axis) and through thickness (z-axis) directions 
for defining the tool simulation results of deformations, stresses (normal and 
shear) and strains. The paths are near or pass through the zones of maximum 
deformation (e.g. tool corner and free side edges). The arrow on each path 
refers to the measurement direction of the required characteristic. The free 
outside faces of the tool, according to the tool corner and centre, are named 
“free side” and “free edge” during discussion. 
 
Figure 6-33 selected paths on the tool model geometry. 
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6.3.1 Total deformations  
The transient total deformation in all the tool is plotted in Figure 6-34, which 
increases almost linearly until about 400s, then gradually (with slow rate) until 
reaches steady state at about 700s. This behaviour of tool deformation is due to 
the temperature difference behaviour that increases during the initial heating 
period of 400s (Section 6.7.2). 
 
Figure 6-34 Transient total deformation in the tool. 
  
Maximum total deformation of the tool is 0.23 mm, occurring at the free ends, 
especially around the tool corners, as shown Figure 6-35, which also explains 
the tool bending towards the tool surface near the free edges, sides and 
especially the corners due to the lower CTE of CFRP compared to Alepoxy. 
Figure 6-36 illustrates that the total deformation at the transverse symmetry 
face of the tool (opposite to the tool free edge) is lower and does not exceed 
0.107 mm. The high deformation of the tool near the free edges is due to the 
high deformation of free ends of the copper channels reaches 0.23 mm, as 
illustrated in Figure 6-37, while it does not exceed 0.18 mm in the rest of the 
channel. 
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Figure 6-35 Total deformation in the tool model and its free edges, Ht = 700s 
 
   
Figure 6-36 Total deformation in the tool and its transverse symmetry side 
(opposite to the free edge), Ht = 700s 
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Figure 6-37 Total deformation in a channel, Ht = 700s 
 
6.3.2 Directional deformation 
The tool directional deformations, along each path (of P1, P4, P5 and P6) are 
plotted together in Figures 6-38 to 6-41, which illustrate that the maximum 
deformation occurs in the longitudinal (x) direction along all the paths and 
reaches about 0.21 mm. 
 
 
 
 
             
 
 
Figure 6-38 Directional deformations along path 1, Ht = 700s 
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Figure 6-39 Directional deformations along path 4, Ht = 700s 
 
 
 
 
 
 
 
Figure 6-40 Directional deformations along path 5, Ht = 700s 
 
 
 
 
 
 
 
 
Figure 6-41 Directional deformations along path 6, Ht = 700s 
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6.3.3 Normal (tensile and compressive) elastic strain 
Figures 6-42 to 6-44 illustrate that the highest longitudinal (x-axis) normal 
elastic strain of -1.2 x 10-3 occurs only near the free edges of the tool interface 
between Alepoxy and CFRP, while it does not exceed -7.8 x 10-4 mm/mm in the 
rest of the tool body. The tool surface (CFRP) is in tension, while the other parts 
are under compression due to the difference between their thermal expansions. 
 
Figure 6-42 Longitudinal (x-axis) normal elastic strain in the tool, Ht = 700s 
 
 
Figure 6-43 Longitudinal (x-axis) normal elastic strain in the mould, Ht = 700s 
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Figure 6-44 Longitudinal (x-axis) normal elastic strain in the channels, Ht = 700s 
The maximum elastic strain along the tool corners (path 1), as illustrated in 
Figure 6-45, is - 8.3 x 10-4 and occurs at the interface between the Alepoxy and 
CFRP, while it is 6.5 x 10-4 through the rest of the interface and reduces near 
the tool free edges and sides as shown in Figures 6-46 and 6-47, respectively.   
 
 
 
 
 
 
 
Figure 6-45 Longitudinal (x-axis) normal elastic strain along path 1, Ht = 700s 
 
 
 
 
 
 
 
 
 
Figure 6-46 Longitudinal (x-axis) normal elastic strain along path 5, Ht = 700s 
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Figure 6-47 Longitudinal (x-axis) normal elastic strain along path 7, Ht = 700s 
 
6.3.4 Normal (tensile and compressive) stresses 
The transient longitudinal thermal stresses (tension and compression) are 
plotted in Figure 6-48, which illustrates an almost linear increase of the stress 
until about 400s then the increasing rate slows down until it reaches the steady 
state after about 700s of heating.  
 
Figure 6-48 Longitudinal (x-axis) normal stresses in the tool model 
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Figure 6-49 illustrates that the maximum tension stress of 41.4 MPa occurs in 
the CFRP (tool face) due to its low CTE, while the maximum compressive 
stress of -102.4 MPa occurs at the internal face of the high dilatable channels, 
as shown in Figure 6-50, and both reduce near the free edges, corners and 
sides.   
Figure 6-49 Longitudinal (x-axis) normal stresses in the tool, Ht = 700s 
 
 
 
 
 
 
     
             
 
 
 
Figure 6-50 Longitudinal (x-axis) normal stress in a channel, Ht = 700s 
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Figures 6-51 to 6-54 illustrate the normal stress along the P1, P6, P7 and P8 
paths, respectively. The normal stress along the tool corners (P1), as shown in 
Figure 6-51, changes intricately at the interface between the CFRP and Alepoxy 
reaching the maximum value of about 15 MPa in the x-direction. Complex 
change also occurs to the normal stress along the channel free edges (P6), as 
shown in Figure 6-52, and its maximum value of 15 MPa occurs in the radial 
direction. The complex changes of normal stress, along some paths, is due the 
overlapping of the bending moments generated at the free edges of the bonded 
materials (Alepoxy, CFRP and copper) as a result of the expansion restriction 
between them.  
 
Figure 6-51 Normal stress along path 1, Ht = 700s 
 
  
 
 
 
 
 
 Figure 6-52 Normal stress along path 6, Ht = 700s. 
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Also the maximum normal stress, along the transverse and longitudinal 
symmetry sides of the tool interface between CFRP and Alepoxy (P7) (Figures 
6-53), is 38.8 MPa and occurs in the longitudinal (x-direction), especially over 
the channels. 
 
 
 
 
 
 
 
Figure 6-53 Normal stresses along path 7, Ht = 700s. 
 
 
 
 
 
 
 
 
Figure 6-54 Normal stresses along path 8, Ht = 700s. 
6.3.5 Plane shear stress 
Figure 6-55 shows that the total xy-plane shear stress (at the interfaces 
between the tool face, mould and channels) generally does not exceed 0.1MPa, 
but reaches ± 24 MPa occurs just near the free ends of channel, as shown in 
Figure 6-56. 
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Figure 6-55 XY-plane shear stresses in the tool face and channel 
 
Figure 6-56 XY-plane shear stresses in the channel 
The maximum in-plane shear along the transverse free edges (P4) of the 
interface between the Alepoxy and CFRP, as illustrated in Figures 6-57, is 8.6 
MPa in the XZ-plane, particularly over the channels. This is due to the intricate 
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change of shear stress along the free edges of the interface between the 
channel and Alepoxy (P6), as shown in Figure 6-58, which reaches the 
maximum value of 7.8 MPa in YZ-plane. 
 
Figure 6-57 In-plane shear stresses along path 5. 
 
 
Figure 6-58 In-plane shear stresses along path 6 (the mould channel interface). 
6.4 Conclusion 
Correct assignment of the boundary condition and material properties during the 
tool simulation is confirmed by proposing two simple analytic models of a 
bimetallic strip and a hollow cylinder. Numerical results of the tool analysis show 
that  
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 The thermal deformation and normal (tension and compression) stresses, 
in the heated tool, have the same trend as temperature variation 
between the tool parts, which increases linearly at the beginning of 
heating until about 400s, then the increasing rate slows down until steady 
state at about 700s. 
  The highest thermal stresses occur in the tool body due to the 
expansion restriction between the bonded parts, while the highest 
deformation occurs near the free edges, corners and sides of the tool 
due to the local irregularities and overlapping the bending moments as a 
result of thermal loading.  
 The maximum values of normal stresses, plane shear, normal elastic 
strain and deformation occur on the internal face of the high dilatable 
copper channel, the free edges of the tool and its parts that reach about   
-102 MPa, 24 MPa, -1.2 x10-3mm/mm and 0.23 mm, respectively. 
 Amounts of the static thermomechanical characteristics (normal stresses, 
plane shear, normal elastic strain and deformation) anywhere in the tool 
body, except the locations illustrated previously, does not exceed 41.4 
MPa, 0.1 MPa, 7.8 x 10-4 mm/mm and 0.18 mm, respectively.  
 As a consequence of these results and depending on the ultimate 
strengths of the tool materials (Table 6-1 and 6-2), the lowest FoS value 
of each thermal effect (normal stresses, plane shear, and normal elastic 
strain) as determined by Equation 6-1 equals 4, 7, and 2, respectively. 
This show that the allowable elastic limits of the tool materials are not 
exceeded and the experimental tool statically remains safe (no failures) 
during heating. 
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  The weakest part of the tool is the mould that gives lower FoS of 2 
against generated maximum normal strain, which made of a particulate 
composite of Alepoxy and its strength generally depends on the weak 
matrix material. So the tool failure is expected to start in this part when 
the tool is used repeatedly.  
Results of this PhD study showed the static behaviour of the experimental 
tool and its durability during heating, but further investigation is required to 
define the tool lifecycle (thermal fatigue life) under repeated cycles of 
heating. Numerical prediction of the tool fatigue life under reversible thermal 
loads requires actual fatigue life data (S-N curve) of the tool materials. 
Fatigue behaviour under reversal thermal loads differs from that under 
mechanical (under reversal mechanical loads) because the temperature 
variation that produce thermal loads also affects the material properties (i.e. 
strength modulus, CTE, volume and Tg). Therefore fatigue life data of the 
tool materials must be obtained under the effect of actual thermal loads with 
monitoring the initiation of cracks and delaminations during the repeated 
cycle that require long term experiments. 
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7.1 General discussion 
Although Integrally-heated tools have the potential to overcome the problems of 
autoclave processing and produce complex and large components in one piece, 
still they have problems of heating and component quality. On this basis, this 
PhD research has been carried out to improve the heating performance of 
integrally water-heated composite tooling, suitable for processing a variety of 
low temperature liquid or prepreg composites with acceptable quality. The 
heating performance of integrally fluid-heated tools depends basically on the 
thermal properties of the tool materials, heating medium (fluid) type, tool 
geometry and the three parameters of channel alignment, channel profile and 
channel separation.  
Although composites have lower thermal conductivity compared to metallic 
materials, the tool architecture is made of composite because of its low density 
and low CTE that reduces the mismatch between the tool and the composite 
components. Water is selected as the heating medium because, compared to 
other fluids, it is suitable for clean room processing and superior in achieving 
the desired temperature uniformly over the mould face with the lowest cost, time 
and consumed energy. Water can provide temperature up to 90ºC, but it will be 
suitable for manufacturing LTM prepregs that are widely used in various sectors 
of industry. Although embedding copper channels may be expensive, adds 
weight to the tool and presenting a challenge in repair, it is used in this PhD 
study because it can provide better heat transfer with lower heat loss.  
Three parameters which have not been previously studied are chosen as 
design factors due to the expectation of their significance in optimising the 
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design of a tool that can achieve the most uniform temperature at the minimum 
heating time. The first parameter of channel profile is considered with a fixed 
cross section area for the three forms of circular, square and rectangular, which 
provide dissimilar hydraulic diameters and convection surface area. The levels 
of this parameter are selected because they significantly affect the pressure 
drop, mass flow rate, flow regime and hence heat transfer coefficient of the fluid 
as well as the amount of heat that enters the mould. Three economic and easy 
to manufacture layouts (levels) of zigzag, helical and parallel were chosen for 
the second parameter with the aim of reducing heat loss from the mould and the 
path of heat conduction. The effect of channel separation has been studied by 
Guilong et al. (2010) and Wang et al. (2011b), but this was for metallic tool in 
the fields of plastic injection manufacturing, which differs from that for composite 
tooling as illustrated in the conclusion. The parameter of channel separation is 
selected to assist in defining the conformal distance that can achieve a 
reasonable heating performance for a composite tool. Accordingly nine test 
case designs are proposed for the heated tool, using Taghuchi’s OA that 
provides minimum number of experiments necessary to study the influence of 
the desired factors in an economical way.  
Compared to the experimental tests, simulation can be achieved faster and 
cheaper and facilitates analysis, prediction and innovation in the design and 
behaviour of the proposed models. Therefore the proposed designed cases of 
the heated tool was analysed numerically using the powerful ANSYS simulation 
software (CFX and Static Structural codes). The simulation method solves the 
complex governing equations that describe the system by iteration and provides 
approximate results; therefore prior to each simulation process the selected 
codes were verified analytically to validate the suitability of the numerical 
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approach in assigning correctly the material properties and boundary 
conditions. Two different analytical models that calculate the one dimensional 
(1D) transient heat transfer between water and the proposed model surface are 
applied for further assurance. In order to perform the simulations with lower 
running time and PC memory size the following facilities are selected:  
 The maximum mesh size (element number) with acceptable mesh quality 
and time step size that gives accurate results. 
 Two dimensional (2D) simulation, rather than to three dimensional (3D). 
 Using an average value for the nonlinear properties of water. 
The proposed nine designs of the tool test cases are simulated with the 
following conditions: 
 Thicknesses of the tool parts, in all proposed tool models (test cases) 
were kept constant. 
  The in-plane dimensions of the tool were considered according to the 
amounts of channel separation to maintain constant volume or mass 
contribution of each tool part (tool face, channel, mould, insulation and 
back face) in all the cases. 
 A high flow rate that heats the tool faster was considered to ensure 
turbulent flow, with Re >104, in the channels. 
 The tool surface is considered without any curing laminate because this 
PhD research aims to investigate the thermal response (temperature 
distribution across the tool face and heating time) of the tool at different 
points on the tool surface. As mentioned by Ding et al. (2001), cure of the 
composite parts occurs by a complex heat transfer that involves 
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conduction, convection by resin flow, exothermic heat of cure reaction as 
well as phase change due to resin polymerisation.    
 Free air convection is considered over the tool face to represent the 
worst case heat loss (Petrykowski, 2012).  
 Perfect contact is assumed between the adjacent solid materials, 
therefore no heat transfer resistance is assumed at the tool interfaces. 
 The water temperature is considered to be at 90°C (during the 2D 
simulation of  test cases as illustrated in Chapter 3) because the cold 
water (through the channel), as it was concluded from the numerical 
tests, reaches its bulk temperature in a very short time of approximately 
30s (6% of the total tool heating time), and also this boundary condition 
could be achieved practically in industry with established commonly-
available resources, as noted by Ding et al. (2001). 
In order to facilitate comparison between the heating performances of the 
proposed test case designs, according to their numerical results, the following 
strategies are defined: 
 A target temperature of 81°C has been used to avoid uncertainties as the 
operating temperature is approached asymptotically. 
 Two response variables of heating time per unit mass and surface 
temperature variation across the tool face are defined instead of heating 
time and tool face temperature, respectively, because the latter could not 
provide valid response characteristics, while the volume and mass of the 
test models are different. 
The statistical approach of S/N ratio has been applied to control the numerical 
response variables (heating time per unit mass and temperature variation), 
while ANOVA is applied to determine the effect of each design parameter on 
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the response strategies with regard to optimisation within the range of variables 
considered.  
An experimental tool was built according to the predicted optimal design, after 
amending the optimal amount of channel separation and the number of the 
parallel channels. The amendments were performed to facilitate the tool 
manufacturing, increase its surface area and also facilitate temperature 
observation across the tool surface with special sensors. Alepoxy and CFRP 
composites were used to construct the mould and the tool face, respectively. 
Although they were selected according to availability and cost, the CFRP also 
provides high strength/density ratio, high wear resistance and low thermal 
inertia and CTE, while Alepoxy mixture can facilitate embedding the channel, 
provide a coherent joint with the tool face laminate and attain a strong mould 
with an expected through-thickness thermal conductivity higher than CFRP. 
The tool was manufactured with an integrated method that can be performed 
successfully, provide good contact between the tool parts and eliminate the 
problems of production e.g. void contents, resin rich, residual strain and low 
volume fraction as much as possible. Different samples of the materials used 
were tested to calculate the actual thermal properties of diffusivity, conductivity 
and thermal expansion to set during simulation with the actual boundary 
conditions. Then an experimental tool model was simulated in ANSYS software 
to define the tool heating performances of the amended optimal design, as 
explained in Section 5.2, (heating time and surface temperature uniformity). The 
experimental tool was also tested practically, within a test rig, to define its 
heating ability, verify the simulation results and prove the suitability of numerical 
modelling in optimising heating performance of the integrally heated tools. The 
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utilised test devices (thermocouples, thermal camera and flowmeter), during the 
experimental tests, are calibrated to ensure the most actual measurements. 
Since the experimental tool, in this PhD research, comprises different materials 
(composites and metals) with different CTEs and is exposed to thermal loading 
during use, the thermomechanical behaviour of the tool is analysed numerically, 
using ANSYS transient structural, to predict the static thermomechanical 
behaviours of the tool structure during heating. Initially the linear mechanical 
properties and CTEs of the constituent materials (the macro-properties of the 
lumped composites are considered) and their processing heating history 
(transient heating curve) are defined experimentally to set during simulation. 
Finally the tool durability, during heating, is defined by calculating lowest FoS 
value of each thermal effect (normal stresses, plane shear, and normal elastic 
strain) according to the corresponding maximum numerical results and actual 
properties of the tool materials.  
7.2 Research implementation 
This PhD study has developed an easy to build integrally-heated tool that can 
reduce curing time and energy consumption, and provides acceptable heating 
performance with lower cost, which should make the tool attractive to composite 
manufacturers in many industry sectors (e.g.; construction automotive and rail, 
pipes and tanks, wind energy, aerospace, consumer goods, sports and marine) 
that are using the LTM prepregs and liquid epoxies in manufacturing their 
products.   
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7.3 General conclusion 
It was concluded during this PhD study that: 
 Circular channel cross-section remains the most appropriate and 
economical profile due to its availability and ease of application. 
 Parallel layout is the most crucial parameter in achieving the optimal 
characteristics of temperature uniformity and heating time over the 
surface of the desired tool.  
 Low thermal conductivity of the composite materials leads to different 
conclusions regarding optimal channel spacing. 
 Experimental results also confirmed the suitability of simulation in 
optimising heating performance and also the validity of the boundary 
conditions and material properties.   
 Experimental results also confirmed that the optimal design of the 
integrally water-heated tool falls within the predicted limits set by the 
confidence interval. 
 The thermal deformation and normal (tension and compression) 
stresses, in the heated tool, have the same trend as temperature 
variation between the tool parts, which increases linearly at the beginning 
of heating until about 400s, and then the increasing rate slows down until 
steady state at about 700s. 
 The highest normal stress, plane shear, normal elastic strain and 
deformation occur on the free edges of the tool. 
 The experimental tool statically remains safe (no failures) during heating. 
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7.4 Recommendations for future work 
Various case studies (in the design, strength, durability, etc. of the tool that can 
improve the performance, productivity, lifetime of the tool with reducing its 
production cost) are left for future work due to the time limitation of this PhD 
study. Further investigations will be required to: 
 Adapt the results of this PhD research to the geometric complexities of 
production tooling. That is because this PhD work only considered the 
heating performance across the surface of a flat tool; the most critical 
point in composite industry is producing components with complex shape 
that requires tools or moulds to have surfaces with the same form and 
the temperature distribution across complex tool surfaces also depends 
on the tool geometry and the heat transfer coefficient depends on the 
surface inclination and orientation (Athanasopoulos et al., 2013). 
 Evaluate the curing ability of the produced experimental tool because the 
efficiency of composite processing depends on performing the cure 
cycles with considerations illustrated in section 2.5. 
 Improve the thermal properties of the experimental tool, especially in the 
out-plane direction, through the development of material properties or 
application of techniques to increase thermal conductivity. That is 
because Improvement of thermal conductivity of the composites 
produces improvement in the tool heating performance.  
 Determining the long-term performance of the produced integrally heated 
tool, in terms of differential expansion and contraction under repeated 
thermal cycles. That is because heating changes the tool material 
properties and possibility of delamination at interfaces between the linked 
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materials due the weak matrix that may affect the tool heating 
performance before fatigue failure.  
 Improve the tool design and obtaining lower CTE tool materials that 
increase the tool resistance to the effective thermal loads, because this 
will be helpful in increasing the tool working lifetime and its productivity. 
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Appendix A: Timoshenko model for bi- metallic strips 
 The total moment and the moment at each strip are defined as follows 
𝐹 ∙
ℎ𝑖
2
= 𝑀𝐿 + 𝑀𝐻                                     (A-1) 
When   𝑀𝐻 =
𝐸𝐻𝐼𝐻
ℛ
,     𝑀𝐿 =
𝐸𝐿𝐼𝐿
ℛ
 ,  𝐼𝐻 =
𝑤𝐻ℎ𝐻
3
12
   and    𝐼𝐿 =
𝑤𝐿ℎ𝐿
3
12
 
Each suffix of 𝐿  and 𝐻  refers to the strip that has lower and higher CTE, 
respectively. 
 The Interfacial force (Load) 
𝐹 =
2(𝐸𝐻𝐼𝐻+𝐸𝐿𝐼𝐿)
ℎ𝑖ℛ
                                     (A-2) 
𝐹𝐻 = 𝐹𝐿 = 𝐹                                          (A-3) 
 Radius of curvature 
While         𝜀𝐿𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜀𝐿𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝐿𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝐻𝑡ℎ𝑒𝑟𝑚𝑎𝑙 − 𝜀𝐻𝑒𝑙𝑎𝑠𝑡𝑖𝑐 − 𝜀𝐻𝑝𝑙𝑎𝑠𝑡𝑖𝑐 
        Accordingly                    𝛼𝐿∆𝑇 +
𝐹𝐿
𝐸𝐿𝐴𝐿
+
ℎ𝐿
2ℛ
= 𝛼𝐻∆𝑇 −
𝐹𝐻
𝐸𝐻𝐴𝐻
−
ℎ𝐻
2ℛ
 
          So the radius of curvature at the interface of both metals   
ℛ =
ℎ𝑖
2+4(𝐸𝐻𝐼𝐻+𝐸𝐿𝐼𝐿)(
1
𝐸𝐻𝐴𝐻
 + 
1
𝐸𝐿𝐴𝐿
)
2ℎ𝑖(𝛼𝐻−𝛼𝐿)∆𝑇
           (A-4) 
 Deflection 
δ =
1
ℛ
.
L2
8
                                            (A-5) 
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 Thermal internal stresses  
When  y𝐻 =
−ℎ𝐻
2
  ,    y𝐿 =
ℎ𝐿
2
,     A𝐻 = ℎ𝐻𝑤𝐻   and      A𝐿 = ℎ𝐿𝑤𝐿 
Maximum normal stress at the top surface (concave) of strip H  (under 
compression) 
σHmax =
−F
AH
+
EHyH
ℛ
                                              (A-6) 
Minimum normal stress at interface of strip H (under compression)  
σHmin =
−F
AH
−
EHyH
ℛ
                                               (A-7) 
 Maximum normal stress at interface of strip L (under tension) 
σLmax =
F
AL
+
ELyL
ℛ
                                                   (A-8) 
Minimum normal stress at the bottom surface (convex) of strip L (under tension) 
σLmin =
F
A𝐿
−
ELyL
ℛ
                                                 (A-9) 
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Appendix B: Timoshenko model for single tube   
 Temperature distribution along the tube wall thickness. 
𝑇 = (
∆𝑇
log(𝑟𝑜 𝑟𝑖⁄ )
log(𝑟𝑜 𝑟⁄ )) + 𝑇𝑜                                   (B-1) 
When   ∆𝑇 = 𝑇𝑖 − 𝑇𝑜 
 The axial and tangential thermal stresses for small thickness tubes in 
comparison with the outer radius. 
(𝜎𝜃)𝑟=𝑟𝑖 = (𝜎𝑧)𝑟=𝑟𝑖 = −
𝐸𝛼∆𝑇
2(1−𝑣)
[1 +
𝑚
2
]                        (B-2) 
(𝜎𝜃)𝑟=𝑟𝑖 = (𝜎𝑧)𝑟=𝑟𝑖 =
𝐸𝛼∆𝑇
2(1−𝑣)
[1 −
𝑚
2
]                            (B-3) 
When          𝑚 =
𝑟𝑜
𝑟𝑖
− 1 
 Bending moment per unit length along the tube edges of the cylinder. 
𝑀𝑜 =
𝐸𝛼∆𝑇
2(1−𝑣)
ℎ2
6
     [𝑁]                                                            (B-5) 
 Deflection along z-axis. 
𝛿 =
𝑀𝑜𝑒
−𝛽𝑧
2𝛽2𝐷
(cos 𝛽𝑧 − sin 𝛽𝑧)                        [𝑚𝑚]            (B-6) 
Or 
𝛿 =
𝛼𝑐∆𝑇√1−𝑣2
2√3 (1−𝑣)
𝑒−𝛽𝑧(cos 𝛽𝑧 − sin 𝛽𝑧)        [𝑚𝑚]               (B-7) 
When     𝑐 =
𝑟𝑖+𝑟𝑜
2
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The maximum deflection is evidently at the end  z = 0  
(𝛿𝑚𝑎𝑥)𝑧=0 =
𝑀𝑜
2𝛽2𝐷
=
𝛼𝑐∆𝑇√1−𝑣2
√3 (1−𝑣)
                                        (B-8) 
When     𝐷 =
𝐸ℎ3
12(1−𝑣2)
  [𝑁. 𝑚],     𝛽 = √
3(1−𝑣2)
𝑐2ℎ2
4
   [
1
𝑚𝑚
]    and   𝑐 =
(𝑟𝑜+𝑟𝑖)
2
 
 Strain in the tangential direction  
𝜀𝜃 =
𝛿𝑚𝑎𝑥
𝑐
=
𝛼∆𝑇√1−𝑣2
2√3 (1−𝑣)
     [𝑚𝑚/𝑚𝑚]                    (B-9) 
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Appendix C: Equations of free air convection  
 for vertical plane or cylinder (Holman, 2002) 
ℎ = 1.42 (
∆𝑇
𝐿𝑠
)
1 4⁄
      When           104 ≤ 𝑅𝑎𝐿 ≤ 10
9 
ℎ𝑠 = 1.31(∆𝑇)
1 3⁄        When            𝑅𝑎𝐿 ≥ 10
9     
  When      𝐿𝑠 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 
 for horizontal cylinder 
  ℎ𝑐 = 1.32 (
∆𝑇
𝐷
)
1 4⁄
     When     104 ≤ 𝑅𝑎𝐿 ≤ 10
9 
  ℎ𝑐 = 1.24(∆𝑇)
1 3⁄       When      𝑅𝑎𝐿 ≥ 10
9 
 for horizontal plane                                  
 Facing upward:                     
 ℎ𝑡 = 1.32 (
∆𝑇
𝐿
)
1 4⁄
      When     104 ≤ 𝑅𝑎𝐿 ≤ 10
9 
       ℎ𝑡 = 1.52(∆𝑇)
1 3⁄      When      𝑅𝑎𝐿 ≥ 10
9 
  Facing downward:          
           ℎ𝑏 = 0.59 (
∆𝑇
𝐿
)
1 4⁄
      When     104 ≤ 𝑅𝑎𝐿 ≤ 10
9 
                    𝐿𝑜 =
𝐴𝑠
𝑃
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Appendix D: Thermal properties of water 
Transient thermal properties of water, while  𝑢=1m/s (Holman, 2002) 
 
 
 
 
 
 
 
 
 
 
 
Reference 
Temperature 
Density 
Dynamic 
Viscosity 
Specific 
Heat 
Conductivity 
Reynolds 
No. 
Prandtl 
No. 
Thermal 
convection 
𝜌 µ 𝑐𝑝 𝑘 𝑅𝑒𝐷 Pr ℎ 
ᵒC Kg/m3 Kg/m.s J/kg.K - - - W/m.K 
0 999.8 1.8 X 10-3 4225 0.57 4468.4 13.4 3818.7 
4.44 999.8 1.6 X 10-3 4208 0.58 5160.3 11.3 4077.0 
10 999.2 1.3 X 10-3 4195 0.59 6102.0 9.4 4398.6 
15.56 998.6 1.1 X 10-3 4186 0.60 7132.9 7.9 4724.6 
21.11 997.4 9.8 X 10-4 4179 0.60 8142.0 6.8 5020.7 
26.67 995.8 8.6 X 10-4 4175 0.61 9263.3 5.8 5333.5 
32.22 994.9 7.7 X 10-4 4173 0.62 10404.2 5.1 5633.0 
37.78 993 6.8 X 10-4 4172 0.63 11648.1 4.5 5927.9 
43.33 990.6 6.2 X 10-4 4172 0.64 12864.9 4.0 6203.2 
48.89 988.8 5.6 X 10-4 4173 0.64 14075.4 3.6 6468.6 
54.44 985.7 5.1 X 10-4 4175 0.65 15371.5 3.3 6724.6 
57.5 984.5 4.9 X 10-4 4177 0.65 16008.1 3.2 6848.4 
60 983.3 4.7 X 10-4 4179 0.65 16701.5 3.0 6979.5 
65.55 980.3 4.3 X 10-4 4183 0.66 18238.1 2.7 7256.6 
71.11 977.3 4.0 X 10-4 4186 0.67 19497.3 2.5 7486.6 
76.67 973.7 3.7 X 10-4 4191 0.67 20939.8 2.3 7716.6 
82.22 970.2 3.5 X 10-4 4195 0.67 22367.7 2.2 7950.0 
87.78 966.7 3.3 X 10-4 4199 0.68 23650.2 2.0 8135.1 
90 964.95 3.2 X 10-4 4202 0.68 24390.5 2.0 8243.0 
93.33 963.2 3.1 X 10-4 4204 0.68 25181.7 1.9 8356.0 
104.4 955.1 2.7 X 10-4 4216 0.68 28617.2 1.6 8821.4 
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Appendix E: First analytical model 
(Note: volumes and areas are defined for a unit length)  
         Ein = U(Tb − Tat)                     (E- 1) 
        𝑈 = ℎ𝐴𝑠                                    (E- 2) 
       𝐴𝑠 = 𝜋𝐷ℎ𝐿𝑐                                (E- 3) 
                    𝐸𝑜𝑢𝑡 = 𝑈1(𝑇𝑚𝑡 − 𝑇∞) + 𝑈2(𝑇𝑤𝑡 − 𝑇∞) 
𝐸𝑜𝑢𝑡 = 𝑈1𝑇𝑚𝑡 + 𝑈2𝑇𝑤𝑡 − (𝑈1 + 𝑈2)𝑇∞          (E- 4) 
𝑈1 = ℎ𝑡𝐴1                            (E- 5) 
𝐴1 = 𝑊𝑚𝐿𝑐                          (E- 6)     
             𝑈2 = (ℎ𝑏𝐴2 + 2ℎ𝑠𝐴3)         (E- 7) 
𝐴2 = 𝑊𝑤𝐿𝑐                       (E- 8) 
A3 = WwsLc                         (E- 9) 
𝐸𝑆𝑇 = 𝑀𝑡
𝑑𝑇𝑚
𝑑𝑡
                           (E- 10) 
Mt = ρtVtcpt = ρcVccpc + ρmVmcpm              (E- 11) 
Vc =
π(Do
2−Di
2)
4
Lc                 (E- 12) 
Vm = [Wm
2 − (
πDo
2
4
)] Lc        (E- 13) 
By assuming steady state condition at the moulding surface of the square 
model and applying the surface energy balance:  
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𝐸𝑜𝑢𝑡 = 𝑞𝑐𝑜𝑛𝑣 = 𝑞𝑐𝑜𝑛𝑑 
𝑈1(𝑇𝑚𝑡 − 𝑇∞) =
(𝑇𝑎𝑡 − 𝑇𝑚𝑡)
𝑅1
 
R1 = 4(Rc + Rm)         (E- 14) 
The conduction resistance of the mould and the channel are found according to 
shape factor relations in Appendix (F):  
𝑅𝑐 =
ln(𝐷𝑜 𝐷𝑖⁄ )
2𝜋𝐿𝑐𝑘𝑐
                (E- 15)  
𝑅𝑚 =
ln(1.08𝑊𝑚 𝐷𝑜⁄ )
2𝜋𝐿𝑐𝑘𝑚
           (E- 16) 
𝑇𝑎𝑡 = (1 + 𝑈1𝑅1)𝑇𝑚𝑡 − 𝑈1𝑅1𝑇∞                  (E- 17) 
After assuming the steady state condition and 
applying energy balance at the external side and 
bottom faces. 
𝐸𝑜𝑢𝑡 = 𝑞𝑐𝑜𝑛𝑣 = 𝑞𝑐𝑜𝑛𝑑 
𝑈2(𝑇𝑤𝑡 − 𝑇∞) =
(𝑇𝑎𝑡 − 𝑇𝑤𝑡)
𝑅2
 
𝑇𝑤𝑡 =
𝑇𝑎𝑡+𝑈2𝑅2𝑇∞
1+𝑈2𝑅2
                       (E- 18) 
𝑅2 =
4
3
(𝑅𝑐 + 𝑅𝑚 + 𝑅𝑔 + 𝑅𝑤)      (E- 19) 
𝑅𝑔 =
 0.785 𝑙𝑛(𝑊𝑔 𝑊𝑚⁄ )
2𝜋𝐿𝑐𝑘𝑔
                  (E- 20) 
             𝑅𝑤 =
 0.785 ln(𝑊𝑤 𝑊𝑔⁄ )
2𝜋𝐿𝑐𝑘𝑤
                  (E- 21) 
Substituting Equation E-17 in Equation E-18: 
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𝑇𝑤𝑡 =
[(1 + 𝑈1𝑅1)𝑇𝑚𝑡 − 𝑈1𝑅1𝑇∞] + 𝑈2𝑅2𝑇∞
(1 + 𝑈2𝑅2)
 
𝑇𝑤𝑡 =
1 + 𝑈1𝑅1
(1 + 𝑈2𝑅2)
𝑇𝑚𝑡 +
𝑈2𝑅2 − 𝑈1𝑅1
(1 + 𝑈2𝑅2)
𝑇∞ 
𝑀 =
(1+𝑈1𝑅1)
(1+𝑈2𝑅2)
                 (E- 22) 
𝑀1 =
(𝑈2𝑅2−𝑈1𝑅1)
(1+𝑈2𝑅2)
            (E- 23) 
𝑇𝑤𝑡 = 𝑀𝑇𝑚𝑡 + 𝑀1𝑇∞      (E- 24) 
Applying Energy conservation equation: 
𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 𝐸𝑠𝑡            (E- 25) 
Substituting Equations E-1, E-4 and E-10 in Equation E-25: 
𝑈(𝑇𝑏 − 𝑇𝑎𝑡) − 𝑈1𝑇𝑚𝑡 − 𝑈2𝑇𝑤𝑡 + (𝑈1 + 𝑈2)𝑇∞ = 𝑀𝑡
𝑑𝑇𝑚
𝑑𝑡
       (E- 26) 
Substituting Equations E-11, E-17 and E-11 in Equation F-26: 
𝑈𝑇𝑏 − 𝑈[(1 + 𝑈1𝑅1)𝑇𝑚𝑡 − 𝑈1𝑅1𝑇∞] − 𝑈1𝑇𝑚𝑡 + (𝑈1 + 𝑈2)𝑇∞ − 𝑈2[𝑀𝑇𝑚𝑡 + 𝑀1𝑇∞]
= 𝜌𝑡𝑉𝑡𝑐𝑝𝑡
𝑑𝑇𝑚
𝑑𝑡
 
𝑈𝑇𝑏 − (𝑈𝑈1𝑅3 + 𝑈1 + 𝑈2 − 𝑈2𝑀1)𝑇∞ − [𝑈(1 + 𝑈1𝑅1) + 𝑈1 + 𝑈2𝑀]𝑇𝑚𝑡
= 𝜌𝑡𝑉𝑡𝑐𝑡
𝑑𝑇𝑚
𝑑𝑡
 
𝑔1 = 𝜌𝑡𝑉𝑡𝑐𝑝𝑡 = 𝜌𝑐𝑉𝑐𝑐𝑝𝑐 + 𝜌𝑚𝑉𝑚𝑐𝑝𝑚               (E- 27) 
𝑔2 = 𝑈(1 + 𝑈1𝑅1) + 𝑈1 + 𝑈2𝑀                    (E- 28) 
𝑔3 = 𝑈𝑇𝑏 − (𝑈𝑈1𝑅1 + 𝑈1+𝑈2 − 𝑈2𝑀1)𝑇∞     (E- 29) 
∴ 𝑔3 − 𝑔2𝑇𝑚𝑡 = 𝑔1
𝑑𝑇𝑚
𝑑𝑡
                                 (E- 30) 
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After dividing both sides of Equation E-30 by  𝑔1:  
𝑑𝑇𝑚𝑡
𝑑𝑡
+
𝑔2
𝑔1
𝑇𝑚𝑡 =
𝑔3
𝑔1
 
𝑇𝑚𝑡 =
∫ 𝑒
∫
𝑔2
𝑔1
𝑑𝑡
.
𝑔3
𝑔1
𝑑𝑡 + 𝐶
𝑒
∫
𝑔2
𝑔1
𝑑𝑡
 
𝑇𝑚𝑡 = 𝑒
−
𝑔2
𝑔1
𝑡
[∫ 𝑒
𝑔2
𝑔1
𝑡
.
𝑔3
𝑔1
𝑑𝑡 + 𝐶] 
𝑇𝑚𝑡 = 𝑒
−
𝑔2
𝑔1
𝑡
[∫
𝑔3
𝑔1
. (
𝑔2
𝑔1⁄
𝑔2
𝑔1⁄
) . 𝑒
𝑔2
𝑔1
𝑡
𝑑𝑡 + 𝐶] 
𝑇𝑚𝑡 = 𝑒
−
𝑔2
𝑔1
𝑡
[
𝑔3
𝑔2
∫ 𝑒
𝑔2
𝑔1
𝑡
.
𝑔2
𝑔1
𝑑𝑡 + 𝐶] 
𝑇𝑚𝑡 = 𝑒
−
𝑔2
𝑔1
𝑡
[
𝑔3
𝑔2
𝑒
𝑔2
𝑔1
𝑡
+ 𝐶] 
𝑇𝑚𝑡 =
𝑔3
𝑔2
𝑒
−
𝑔2
𝑔1
𝑡+
𝑔2
𝑔1
𝑡
+ 𝐶𝑒
−
𝑔2
𝑔1
𝑡
 
𝑇𝑚𝑡 =
𝑔3
𝑔2
+ 𝐶𝑒
−
𝑔2
𝑔1
𝑡
                               (E- 31) 
When       𝑡 = 0  Equation E-31   becomes:  
𝑇𝑚0 =
𝑔3
𝑔2
+ 𝐶𝑒
− 
𝑔2
𝑔1
(0)
 
∴ 𝐶 = 𝑇𝑚0 −
𝑔3
𝑔2
                                      (E- 32) 
Substituting Equation E-32 in Equation E-31: 
 
 
𝑻𝒎𝒕 =
𝒈𝟑
𝒈𝟐
+ (𝑻𝒎𝟎 −
𝒈𝟑
𝒈𝟐
) 𝒆
− 
𝒈𝟐
𝒈𝟏
𝒕
                  (E- 33) 
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Appendix F: Conduction shape factors 
Conduction shape factors and dimensionless conduction heat rates for selected 
systems (Incropera & DeWitt, 1996). 
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Appendix G: Calculation of tool geometry  
 The tool geometry is calculated according to the channel separation 
 Channel length 
Fixed channel length and tool surface area are assumed in the test cases 
depending on the channel separation as: 
𝐿𝑐 = 𝐿ℎ𝑒𝑙 = (9.5 +
3𝜋
2
) 𝑊𝑚                  (G- 1) 
Tool surface area = 𝐴𝑡
2 = 16𝑊𝑚
2             (G- 2) 
 Ratio of channel length to the tool surface area 
𝑅𝑗 =
𝐿𝑐
𝐴𝑡
2 =
(9.5+
3𝜋
2
)
16𝑊𝑚
=
19+3𝜋
32𝑊𝑚
                        (G- 3) 
 Other tool dimensions  
Tool dimensions, Figure 4-7a, are determined according to the values of Wm  as 
follows:  
𝐿𝑧𝑖𝑔 = (10 +
3𝜋
2
) 𝑊𝑚                             (G- 4) 
𝐿𝑝𝑎𝑟 = 14𝑊𝑚                                        (G- 5) 
𝐴𝑡 = 4𝑊𝑚                                             (G- 6) 
𝐵𝑡 = 3𝑊𝑚                                             (G- 7) 
𝐶𝑡 = 2𝑊𝑚 − (
𝐿𝑧𝑖𝑔−𝐿𝑐
4
)                            (G- 8) 
𝐷𝑡 = 3.5𝑊𝑚 + (
𝐿𝑐−𝐿𝑝𝑎𝑟
4
)                        (G- 9) 
𝑟𝑏 = 𝑊𝑚 2⁄                                             (G- 10) 
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Appendix H: Flow in the parallel channels 
 
Calculation is achieved with the following considerations (Daugherty, Franzini & 
Finnemore, 1989; Douglas, Gasiorek & Swaffield, 1995; Munson, 2010).  
 Pressure drop of the main inlet and all the parallel branches are equal, 
Equation (4-11). 
 Volumetric flow rate of the main inlet equal the sum of the parallel 
branches, Equation (4-12). 
 Internal diameter of the main inlet and all branches are equal. 
 The number of the branches (𝑛 ) is even and the branches on the left and 
right are symmetric. 
∵      ∆𝑝𝑖 =
8𝑓𝐿𝑖𝑄𝑖
2
𝜋2𝐷ℎ
5                  For         𝑖 = (1 𝑡𝑜 𝑛)            (H- 1) 
Substituting in Equation (4-11) 
                          𝐿1𝑄1
2 = 𝐿𝑖𝑄𝑖
2               For         𝑖 = (1 𝑡𝑜 𝑛)          (H- 2) 
                         ∵ 𝑄 = 𝐴𝑐𝑢                                                              (H- 3) 
Substituting Equation (H-3) in (H-2) 
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                          𝐿1𝑢1
2 = 𝐿𝑖𝑢𝑖
2               For         𝑖 = (1 𝑡𝑜 𝑛)       (H- 4) 
Accordingly 
                           𝑢𝑖 = √
𝐿1
𝐿𝑖
   𝑢1              For         𝑖 = (1 𝑡𝑜 𝑛)      (H- 5) 
Due to symmetry 
∑ 𝑄𝑖
𝑛/2
𝑖=1 = ∑ 𝑄(𝑛−𝑗)
(
𝑛
2
−1)
𝑗=0                                            (H- 6)            
Accordingly Equation (4-12) can be written as follows 
𝑄 = 2(∑ 𝑄𝑖
𝑛/2
𝑖=1 )                                                          (H- 7) 
Substituting Equations H-3 and H-5 in H-7 
  𝑢 = 2𝑢1 (∑ √
𝐿1
𝐿𝑖
𝑛/2
𝑖=1 )                                                   (H- 8) 
   ∴     𝑢1 =
𝑢
2(∑ √
𝐿1
𝐿𝑖
𝑛/2
𝑖=1
)
                                                    (H- 9) 
Length of the symmetric channels can be calculated as follows: 
𝐿𝑖 = 𝐿(𝑛−𝑗) = 𝐿𝑡 + (𝑛 − 2𝑖 + 1)𝑊𝑚          (H- 10)   
Where 𝑖 = [1 𝑡𝑜 (
𝑛
2
)]     and    𝑗 = [0 𝑡𝑜 (
𝑛
2
− 1)] 
After calculating each of 𝑢1 (Equation H-9) and channel lengths (Equation H-
10), the fluid velocity in each branch can be calculated by Equation H-5  
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Appendix I: ANOVA equations 
 Average performance 
Initial sum of the test results contain each parameter at each given level: 
S𝑃𝑗 = ∑ (𝑦𝑃𝑗)𝑖
𝑧
𝑖=1                                     (I- 1) 
The average performance is a simple mean of the test result values. So, for 
each parameter at each given level: 
f𝑃𝑗 =
S𝑃𝑗
𝑁
                                             (I- 2) 
 Sum of Squares  
The deviation of a factor from the overall mean gives the relative significance of 
that factor. So the total sum of squared deviation is (Kamaruddin, Khan & Wan, 
2004):  
𝑆𝑆𝑇 = (∑ 𝑦𝑖
2𝑛
𝑖=1 ) −
1
𝑛
(∑ 𝑦𝑖
𝑛
𝑖=1 )
2          (I- 3) 
The sum of squared deviation of each parameter is: 
𝑆𝑆𝑃 =
1
𝑁
(∑  f𝑃𝑗
2𝑁𝑃
𝑗=1 ) −
1
𝑛
(∑ 𝑦𝑖
𝑛
𝑖=1 )
2      (I- 4) 
Then the sum of squared deviations of the error term is defined by: 
𝑆𝑆𝑒 = 𝑆𝑆𝑇 − (𝑆𝑆𝐴 + 𝑆𝑆𝐵 + 𝑆𝑆𝐶)        (I- 5) 
Finally, the percentage contribution of each factor in the total sum of squared 
deviations is: 
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𝑃𝑃 =
𝑆𝑆𝑃
𝑆𝑆𝑇
                                                         (I- 6) 
 Degrees of freedom 
Degrees of freedom for each parameter and the error term are calculated as 
(Kamaruddin, et al., 2004; Roy, 2001):  
𝑓𝑇 = 𝑛 − 1                                                     (I- 7) 
𝑓𝑃 = 𝑁𝑃 − 1                                                   (I- 8) 
𝑓𝑒 = 𝑓𝑇 + (𝑓𝐴 + 𝑓𝐵 + 𝑓𝐶)                                (I- 9) 
 Variance and Variance ratio 
The variance or the mean square of each factor is: 
𝑉𝑃 =  
𝑆𝑆𝑃
𝑓𝑃
                                                      (I- 10) 
The statistical tool 𝐹 -test, named after Fisher (Roy, 1990), identifies which 
design parameters have a significant effect on the quality characteristic. 
Generally, 𝐹<1 indicates negligible significance of the parameter.  The value of 
variance ratio of each parameter is determined by: 
𝐹𝑃 =
𝑉𝑃
𝑉𝑒
        (I- 11) 
𝑉𝑒 =
𝑆𝑆𝑒
𝑓𝑒
                  (I- 12) 
 Pooling 
A test of significance determines whether the factor effect should be pooled or 
not.  This test is achieved after selecting a confidence level between 90% and 
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99% providing that its 𝐹-Table is available (Roy, 2001).  Then the 𝐹ratio is 
determined from the 𝐹-Table, depending on the values of 𝑓𝑃  and 𝑓𝑒 .  Finally, 
𝐹𝑃 > 𝐹 -ratio for any factor means that it has a significant effect on the 
performance.  The opposite applies if the parameter is of low significance and it 
is pooled. Then the error term variance ratio is defined as: 
 
?̅?𝑒 =
𝑆𝑆𝐵
𝑓?̅?
=
𝑆𝑆𝐵
𝑓𝑇−(𝑓𝐴+𝑓𝐶)
   (I- 13) 
 Expected result at optimum condition 
The expected result at the combination the optimal design parameters can be 
predicted by: 
𝑦𝑜𝑝𝑡 = fAopt + fCopt −
1
𝑛
∑ 𝑦𝑖
𝑛
𝑖=1          (I- 14) 
While the value of yopt  is in the logarithmic format as the S/N ratios, its 
equivalent value could be calculated as follows: 
𝑥𝑜𝑝𝑡 = √10
−(𝑦𝑜𝑝𝑡)/10         (I- 15) 
 Confidence intervals 
A range of values for the expected optimal result can be defined by the 
confidence interval.  It depends on the error variance and degrees of freedom, 
which are defined in Tables 4-9 and 4-10. 
 
𝐶. 𝐼. = ±√(𝐹(1, 𝑓?̅?) × 𝑉?̅? 𝑀⁄ )      (I- 16) 
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After assuming a confidence level between 90% and 99%, value of 𝐹(1, 𝑓?̅?) is 
determined from the 𝐹-Table according to DOFs of 1 and 𝑓?̅? (Roy, 2001). In this 
PhD research 𝑀 value that equals 2.25 was calculated as follows: 
𝑀 =
𝑛
𝑓𝑚𝑒𝑎𝑛 (𝑤ℎ𝑖𝑐ℎ 𝑒𝑞𝑢𝑎𝑙𝑠 1 𝑎𝑙𝑤𝑎𝑦𝑠)+(𝑓𝐴+𝑓𝑐) 
                         (I- 17) 
𝑀 =
9
1 + (2 + 1)
= 2.25 
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Appendix J: Manufacturing of the CFRP laminate 
 Calculation 
 A thickness of 4 mm and the maximum applicable volume fraction 0.6, 
which can provide sufficient strength and lower heat transfer resistance 
as illustrated in Chapter 4, are assumed initially for the required CFRP 
laminate. 
 the desired number of 4 layers are calculated by the following expression 
(Tian, 2011).  
𝑛𝑙 =
𝑉𝑓𝜌𝑓𝑡𝑙
𝐴𝑓
                 (J- 1) 
 The required resin weight is calculated by multiplying the total of its 
volumes in the laminate, the flow medium and the pipe by its density with 
a little extra for the bottom of the feed cup. 
 Processing 
 Double square layers of 52 cm length are cut from each fabric type 
(Section 5.3.2) to achieve the four desired layers. 
 The layers are stacked, Figure 5-3, over a flat steel tool surface 
according to the stacking sequence of  [(0, ±45)/(90, ±45)]s.  
 Vacuum bagging arrangement, as shown in Figure 5-4, is performed to 
hold the laminate plies together until the resin cures.  
 The laminate is post-cured in an oven for 16 hours at 60ᵒC with a ramp 
rate of 3ᵒC/min.  
 
Resin 
trap 
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Appendix K: Density, weight and volume fractions of Alepoxy 
mixture 
 Calculation requires the following data, initially:  
 Proposed fibre volume fraction. 
 Desired volume of the mixture. 
 Defined densities, by the producer, of each constituent. 
 Defined volume and mixing ratios, by the producer, of the matrix (resin 
and hardener). 
 Calculation of the fibre contribution weight. 
                           ?̅?𝑓 = 𝜌𝑓?̅?𝑓                                                    (K- 1) 
∵  𝑉𝑓 =
𝑉𝑓
?̅?𝑐𝑜
                                                    
∴  ?̅?𝑓  =  𝑉𝑓  ?̅?𝑐𝑜                                                (K- 2) 
      Substitution of Equation K-2 in K-1 
                            ?̅?𝑓 = 𝜌𝑓𝑉𝑓?̅?𝑐𝑜                                              (K- 3) 
 Calculation of the matrix (resin and hardener) contribution weight. 
 ∵  ?̅?𝑐𝑜 = ?̅?𝑓 + ?̅?𝑚𝑎                                       (K- 4) 
                           ?̅?𝑚𝑎 =  ?̅?𝑐𝑜 − ?̅?𝑓                                       (K- 5) 
Substituting Equation K-2 in K-5 
                            ?̅?𝑚𝑎 =  ?̅?𝑐𝑜(1 − 𝑉𝑓)                                  (K- 6) 
Also                 ?̅?𝑚𝑎 = ?̅?𝑟 + ?̅?ℎ                            (K- 7) 
∴   ?̅?𝑐𝑜(1 − 𝑉𝑓) = ?̅?𝑟 + ?̅?ℎ                                    (K- 8) 
According to the Sicomin-Composites specification, the volume mixing ratio 
between the applied resin (SR8500) and hardener (SD8601) is as follows.    
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?̅?𝑟
?̅?ℎ
=
100
42.5
 
∴  ?̅?ℎ = 0.425 ?̅?𝑟                                (K- 9) 
  Substituting Equation K-9 in K-8  
 ?̅?𝑐𝑜(1 − 𝑉𝑓) = ?̅?𝑟 + 0.425 ?̅?𝑟                (K- 10) 
Accordingly  
?̅?𝑟 =  ?̅?𝑐𝑜
(1−𝑉𝑓)
1.425
                                    (K- 11) 
Then  
?̅?𝑟 = 𝜌𝑟?̅?𝑟 = 𝜌𝑟  ?̅?𝑐𝑜
(1−𝑉𝑓)
1.425
                      (K- 12) 
So, the hardener weight can be calculated From Equations K-9 and K-11, as 
follows 
?̅?ℎ = 𝜌ℎ?̅?ℎ = 0.425  ?̅?𝑐𝑜
(1−𝑉𝑓)
1.425
𝜌ℎ𝜌𝑟         (K- 13) 
Also it can be calculated from the weight mixing ratio of the applied resin 
(SR8500) and hardener (SD8601), defined by the Sicomin-Composites 
specification, as follows.    
    
?̅?𝑟
?̅?ℎ
=
100
35
                              
∴ ?̅?ℎ = 0.35 ?̅?𝑟                                                   (K- 14) 
 Calculation volume fractions of the resin and hardener according to 
the volume of the produced composite mixture. 
Dividing both sides of Equation K-11 by ?̅?𝑐𝑜 
𝑉𝑟 =
(1−𝑉𝑓)
1.425
                                                (K- 15) 
Dividing both sides of Equation K-9 by ?̅?𝑐𝑜 and then substituting Equation K-13 
𝑉ℎ = 0.425 
(1−𝑉𝑓)
1.425
                                     (K- 16) 
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 Calculation density of the produced composite mixture. 
∵  ?̅?𝑐𝑜 = ?̅?𝑓 + ?̅?𝑚𝑎   
∵  ?̅?𝑚𝑎 = ?̅?𝑟 + ?̅?ℎ 
∴  ?̅?𝑐𝑜 = ?̅?𝑓 + ?̅?𝑟 + ?̅?ℎ 
Accordingly                                            
𝜌𝑐𝑜?̅?𝑐𝑜 = 𝜌𝑓?̅?𝑓 + 𝜌𝑟?̅?𝑟 + 𝜌ℎ?̅?ℎ                        (K- 17) 
Dividing both sides by ?̅?𝑐𝑜 
                           𝜌𝑐𝑜 = 𝜌𝑓𝑉𝑓 + 𝜌𝑟𝑉𝑟 + 𝜌ℎ𝑉ℎ 
Accordingly  
𝜌𝑐𝑜 = 𝜌𝑓𝑉𝑓 + 𝜌𝑚𝑎𝑉𝑚𝑎                                (K- 18) 
Substituting Equations K-15 and K-16 in Equation K-18  
𝜌𝑐𝑜 = 𝜌𝑓𝑉𝑓 + (𝜌𝑟 + 0.425𝜌ℎ )
(1−𝑉𝑓)
1.425
                          (K- 19) 
Or 
𝜌𝑐𝑜 = 𝜌𝑓𝑉𝑓 + 𝜌𝑚𝑎(1 − 𝑉𝑓) 
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Appendix L: Autodesk results 
 
 
 
Figure L-1 Design of a CFRP lamina in the Autodesk 
 
   
 
 
 
 
 
Figure L- 1 The orthotropic properties of the most proper CFRP lamina. 
 
 
 
 
 
 
 
 
 
Figure L-2 Design of a CFRP laminates in Autodesk software. 
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Figure L-3 The orthotropic properties of the most appropriate designed 
laminate. 
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Figure L-4 Properties of the contributed fibre (T300 Carbon) and matrix (MY750 
Epoxy). 
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